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Despite their ubiquity in the environment, large data gaps exist surrounding the 
distribution, biotic accumulation, and possible impacts of many high priority organic 
pollutants, particularly those considered emerging contaminants. Emerging pollutants, 
or contaminants of emerging concern (CECs), represent a dynamic and rapidly evolving 
group of substances, some of which have been extant for decades. Chapter 1 provides 
background about CECs covered in this dissertation, and highlights key data gaps 
explored within this work.  
 
The first three manuscripts of this dissertation (Chapters 2 – 5) focus on per- and 
polyfluoroalkyl substances, or PFAS. PFAS are a family of CECs that demonstrate 
amphiphilic or hydrophilic environmental behaviors, and thus are ubiquitously 
distributed in aqueous and biological matrices. PFAS are associated with adverse effects 
in humans and wildlife at very low concentrations, and thus their biological behavior 
and impacts are under a great deal of scrutiny. Little work over the past two decades has 
evaluated these chemicals in marine food webs along the US East Coast, despite the 
proximity of this region to major human population centers and PFAS point sources. 
Tandem mass spectrometry and high-resolution mass spectrometry techniques were 
applied to tissue samples collected as part of a large-scale necropsy program to derive 
PFAS measurements in seabirds from the US East Coast. Names, Chemical Abstracts 
Service (CAS) number, and potential sources of each PFAS measured in this work are 
provided in Appendix B.  
 
 
Chapter Two measured PFAS in seabird juveniles from three habitats along the US 
East Coast representing a range of exposure potential. Seabirds collected downstream 
from a major fluoropolymer production site contained the highest concentrations of 
legacy and novel PFAS, surpassing toxicity reference values established in controlled 
studies for avifauna. The novel PFAS Nafion by-product 2 (Nafion BP2) was detected 
in seabirds from all habitats, marking the first identification of this compound in biota 
beyond the industrially influenced Cape Fear region in North Carolina. 
Perfluorooctanesulfonic acid (PFOS) and perfluorononanoic acid (PFNA) were 
associated with decreased phospholipid levels, marking the first time this trend has been 
observed in a wild population. Chapter Three examined novel and legacy PFAS in Great 
Shearwaters from Massachusetts Bay over 2010 – 2019. PFOS and 
perfluorooctanesulfonamide (FOSA) decreased over the time series, while 
perfluoroalkyl carboxylic acids (PFCAs) and the novel PFAS 7:3 fluorotelomer 
carboxylic acid (7:3 FTCA) showed no clear trends over time. Multiple PFAS were 
significantly associated with morphometric variables, with increased PFAS levels 
associated with reduced organ weights and reduced fat depth in Great Shearwaters. 
Perfluorohexanesulfonic acid (PFHxS) and PFNA were negatively associated with mass 
of ingested plastic, marking the first time any relationship has been identified between 
plastic consumption and PFAS levels in a seabird. This relationship likely reflects the 
amphiphilic nature of PFAS that reduces the likelihood of sorption to plastic items in 
aqueous matrices, as well as the divergent exposure pathways for these two pollutant 
groups, as seabirds are primarily exposed to PFAS via diet as opposed to direct ingestion 
of plastics via discovery in the environment. Chapter Four assessed PFAS in eight 
 
 
tissues obtained from juvenile seabirds collected from three habitats along the US East 
Coast, the same habitats assessed in Chapter Two. These tissue-specific measurements 
suggested blood, liver, kidney, and lungs are primary reservoirs of PFAS in seabirds. 
Novel per- and polyfluoroalkyl ether acids (PFEAs) preferred blood compared to liver, 
suggesting reduced compatibility with the binding environment of liver fatty acid 
binding protein that drives PFAS uptake in liver. These results were also the first to 
measure novel PFEAs in brain tissue, indicating these compounds are capable of 
surpassing the highly selective blood-brain barrier in vertebrate wildlife.  
Chapter Five focuses on microplastics, another type of CEC. Microplastics are a 
pervasive pollutant in aquatic ecosystems and ingestion of plastics is associated with an 
increased risk or mortality in seabirds. Chapter Five examined plastic ingestion in 175 
Great Shearwaters from 2010 – 2019, collected at multiple locations relevant to their 
annual cycle across the North and South Atlantic Oceans. Each bird contained an 
average of 8 plastic fragments, and more than 50% of individuals contained greater than 
0.1g plastic, significantly surpassing the ecological threshold suggesting no more than 
10% of a given population should contain greater than 0.1g ingested plastic. Breeding 
adults from the South Atlantic ingested plastic less frequently (~60%), while 98% of 
juveniles from Massachusetts Bay were found to contain ingested plastics. Each plastic 
fragment was assessed using Fourier-transform ion spectroscopy to discern polymer 
identity. We found low- and high-density polyethylene fragments dominated within all 
years and locations. Breeding adults contained a higher proportion of larger 
polypropylene fragments compared to juveniles and non-breeding adults; breeding 
adults in Massachusetts Bay likewise ingested marginally larger plastic items compared 
 
 
to Massachusetts Bay juveniles but this was outside the limits of significance defined 
within the study. The abundance of larger plastic items in breeding and non-breeding 
adults is likely indicative of an increased use of remote, pelagic habitats subject to 
reduced inputs of smaller, land-derived plastics due to size-mediated distribution in the 
pelagic environment. Different signatures of polymer type and size between breeding 
and non-breeding mature birds likewise suggests rapid turnover of ingested plastics 
commensurate with migratory stage and location.  
Chapter Six of this study leverages the vast amount of necropsy data derived in 
support of the included contaminant studies to correct the record regarding plumage and 
age characteristics of Great Shearwaters. Necropsy efforts demonstrated Massachusetts 
Bay is dominated by juvenile Great Shearwaters, with juveniles making up over 90% of 
collected birds considering the entire necropsy sample set. Nape plumage has been 
previously associated with individual age, with the suggestion that mature individuals 
possessed a completely white nape while the nape area of younger individuals was 
interrupted by variable amounts of brown or gray. Necropsy data collected herein 
suggest nape plumage is not a reliable indicator of age. Instead this data suggests nape 
plumage may be associated with sexual behaviors, as completely white napes were more 
abundant in females of all ages.  
 These results highlight the utility of necropsy efforts to explore multiple 
complimentary scientific questions within a given species, and raise further questions 
about Great Shearwater demographics, PFAS, and plastic ingestion. The abundance of 
juvenile birds in the bycatch sample set and overall Massachusetts Bay region raises 
questions about the impact of commercial fishing activities on Great Shearwater 
 
 
population, as fishing activities remove hundreds to thousands of pre-reproductive 
individuals from the population each year. This work also demonstrates the ability of 
several novel PFAS to bioaccumulate in seabirds, and indicates the need for 
significantly more research describing the bioaccumulation potential of new PFAS 
formulations in a wider range of wildlife. Additionally, these data suggest potential 
impacts of PFAS at environmentally relevant, ongoing exposure levels, with uncertain 
population-scale impacts of reduced organ weights, altered fat storage or expression, 
and morphological alterations. Further research should evaluate the effects of legacy 
and novel PFAS in marine biota with a focus on potential implications for individual 
and population health considering the importance of body condition and lipid stores on 
bird migratory and reproductive ability. Plastic ingestion in Great Shearwaters likewise 
merits additional investigation; over 50% of individuals evaluated in the study contained 
more than 0.1g of ingested plastic, surpassing a threshold established as problematic for 
seabird plastic ingestion. Further work should evaluate trends of plastic ingestion over 
time using harmonized methods to leverage the Great Shearwater as a sentinel for 
specific Atlantic habitats and monitor for potential impacts. 
Within a management context, these results provide justification for continued 
investigation and potential phase-out or regulation of novel PFAS akin to some legacy 
formulations, considering their potential for long-range transport and bioaccumulation 
within offshore ocean biota demonstrated within this work. Additionally, the 
demonstrated abundance of long-chain PFCAs in seabirds demonstrates the importance 
of considering the downstream environmental transformations and impacts of PFAS 
currently in use. Long-chain PFCAs are rarely manufactured purposefully, but may 
 
 
form as production by-products from creation of other PFCAs or may form in the 
environment or in biota via oxidation of precursor compounds. The abundant 
downstream bioaccumulation of these inadvertently created compounds suggests the 
total environmental life-cycle of a given PFAS should be evaluated to prevent formation 
of bioaccumulative and ubiquitous terminal end products like long-chain PFCAs or 7:3 
FTCA. This work additionally underscores the importance of policies and practices that 
support waste management and effective recycling, considering upwards of 90% of 
plastic items found within seabirds were recyclable polymers that likely ended up in the 
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If we are going to live so intimately with these chemicals eating and drinking 
them, taking them into the very marrow of our bones - we had better know something 
about their nature and their power.” – Rachel Carson, Silent Spring 
 
The environmental distribution and persistence of human-created pollutants 
represents a pervasive global problem, with various anthropogenic pollutants found in 
the deepest depths of the ocean to the highest polar latitudes 1–5. Despite their ubiquity 
in the environment, large data gaps exist surrounding the distribution, biotic 
accumulation, and possible impacts of many high priority organic pollutants, 
particularly those considered emerging contaminants. Emerging pollutants, or 
contaminants of emerging concern (CECs), represent a dynamic and rapidly evolving 
group of substances. The definition of what constitutes an emerging pollutant is 
somewhat tenuous as it relies heavily on human perspective and knowledge; today we 
understand emerging pollutants as those substances that are newly discovered or 
measurable, or lack data describing basic elements of their behavior, distribution, or 
effects6,7.  
The emerging pollutants explored herein have been extant for decades, but have 
only recently become widely measurable due to advances in analytical instrumentation 
or observational techniques, and have thus gained research traction due to increased 




This dissertation contributes data and interpretation to describe the environmental 
distribution and biological occurrence of emerging contaminants in biotic and abiotic 
systems from the US Atlantic Coast, focusing on seabirds as sentinels of emerging 
contaminant dynamics in marine food webs. Seabirds serve as effective environmental 
indicators representing the health and condition of coastal or oceanic habitats in which 
they live, as their upper trophic level position, fast metabolism, and life history 
choices intimately connect them to the conditions of a given habitat8–10. Previous 
research indicates seabirds are particularly vulnerable to bioaccumulation of organic 
contaminants; polychlorinated biphenyls, pesticides, and flame retardants have all 
been documented in seabirds worldwide  11–14.  
The dissertation specifically focuses on per- and polyfluoroalkyl substances 
(PFAS), while also providing data on active pharmaceutical ingredients (APIs) and 
microplastics (MPs) in lesser detail. Each of these pollutant families have 
demonstrated environmental persistence, bioaccumulative capacity, and toxic potential 
in humans and wildlife, yet are considered emerging contaminants due to a limited 
knowledge or understanding 14–21. 
PFAS. Per- and polyfluoroalkyl substances (PFAS) are a group of over 9,000 human-
created chemicals or byproducts that have been manufactured since the 1940s22,23. 
Various sub-groups of PFAS exist under the large PFAS umbrella, including 
perfluoroalkyl sulfonic acids (PFSAs), perfluoroalkyl carboxylic acid (PFCAs), 
perfluoroalkyl ether acids (PFEAs), and the so-called “precursor” compounds that 
readily transform into PFCAs, PFSAs, or other stable PFAS under environmental 




sub-groups within the wider PFAS class vary based on molecular structure and 
functional group but all are considered PFAS as they include at least one least one 
perfluoroalkyl moiety (CnF2n+1 -) associated with a minimum of three carbon – 
fluorine (C-F) bonds22,23. PFAS are often referred to by chain length, or how many 
carbons make up the backbone of the molecule. PFCAs are considered long-chain with 
seven or more alkyl carbons, while PFSAs are considered long-chain with six or more 
alkyl carbons23.  
Reliance on the C-F bond defines PFAS while also making them remarkably 
persistent in the environment24,25. This bond is one of the strongest bonds in organic 
chemistry, and its prolific use in PFAS molecules renders powerless an arsenal of 
chemical and environmental mechanisms that degrade many other pollutants (24,26). 
Some PFAS are capable of breaking down to some extent via in situ or in vivo 
oxidation, but because of the stability of the C-F bond, they often degrade into other, 
more stable PFAS structures27,28. For example, a sub-group of PFAS called 
fluorotelomer alcohols (FTOHs) transform in the environment into the more persistent 
and toxic PFCA sub-group28,29. PFAS are also chemically unique in that they are 
amphiphilic or “both loving”, allowing many PFAS to associate with both water and 
oil26. This property means PFAS readily migrate within and beyond the water cycle30–
32 while also accumulating in living organisms in ways distinct from hydrophobic 
organic contaminants 33–35.  
Sources and environmental occurrence of PFAS. PFAS are solely created by human 
industrial processes 23,26,36. Major primary sources of PFAS include creation of PFAS 




military bases, and oil and gas operations31,39,40, and the intermediate use of PFAS 
during production of consumer and industrial goods41. Due to their unique and 
attractive chemical qualities, PFAS can be found in hundreds of household or 
consumer goods including food packaging, take-out food containers, non-stick 
cookware, paper goods, cleaning products, cosmetics, fire-fighting foams, carpets, ski 
wax,  textiles, waterproof clothing and coatings, paints, and many more 41,42. PFAS 
also play a central role in many industrial and workplace processes including 
electroplating, electronics creation, production of medical equipment, oil recovery, 
textile manufacture, plastics manufacturing, specialty chemical production, fuel cell 
production, and membrane manufacture43.  
PFAS do not remain confined to products or sites where they are used or 
discharged – their persistence coupled to high mobility allows them to leach into the 
environment readily, where they can be subsequently transported via water, air, or 
solid materials 44,45. PFAS display a wide range of environmental behaviors based on 
their unique chemical characteristics and subsequent speciation in the environment as 
zwitterionic, cationic, or anionic compounds46,47. The most well-studied compounds 
are PFAAs which are primarily anionic at environmentally relevant pHs and therefore 
amphiphilic or hydrophilic in behavior47.  
Once in the environment, PFAS travel in regional and global biogeochemical 
cycles based on their individual physico-chemical characteristics. PFAS have been 
detected in air32, water32, ice from the polar regions48, mountaintop glaciers49, river 
water37,50, lake water32, ocean water25, sediments51 and soils52. PFAS measurements in 




atmospheric and water-borne pathways, the two primary routes of environmental 
transport for these compounds28,29.  
Regardless of specific entry point into the environment, aquatic systems possess 
the greatest exposure potential for these compounds; the ocean is the ultimate sink for 
PFAS, as atmospherically transported PFAS oxidize or wash out of the gas phase into 
the water cycle, while water-borne PFAS in rain, rivers, and streams flow downstream 
to the ocean44,45,53. PFAS are a suitable tracer indicating the age of ocean water -- any 
water mass that entered Atlantic Meridional Overturning Circulation after PFAS 
proliferation now carries PFAS, while older water masses possess significantly lower 
PFAS concentrations25.  
Human Exposure. Their environmental ubiquity also means PFAS are distributed 
pervasively in the biosphere. Humans are primarily exposed to PFAS via food, 
drinking water, and dust; dermal and inhalation exposure are more minor contributors 
to average adult PFAS exposure54. Occupational PFAS exposure may exist for 
individuals working in an industry that produces or uses PFAS, or for those who work 
with AFFF, where inhalation is likely a significant source of exposure for those 
occupationally exposed54. Seafood is a significant contributor of PFAS in human diet, 
and the European Food Safety Administration has previously suggested up to 86% of 
human dietary PFAS stems from seafood sources 54–56. PFAS contamination of 
drinking water is associated with proximity to industrial sources, AFFF-impacted 
sites, airports, and wastewater treatment plants, though ambient levels of PFAS are 
detected in drinking water across the coutnry31,57,58. Children may be more exposed to 




dermal and inhalation exposure through increased proximity to and contact with 
PFAS-containing textiles and carpets54. 
Wildlife Exposure. Exposure of wildlife to PFAS has materialized as a pervasive and 
poorly understood global challenge. In parallel to humans, wildlife exposure is an 
iterative series of events, whereby multiple human sources introduce PFAS into 
surrounding abiotic matrices, on a site- and use-specific basis. Wildlife are externally 
exposed to PFAS based on specific life histories and behaviors that dictate their 
interactions with ambient environmental exposures via air, water, soil/sediment use, 
and diet 59. Wildlife may also be particularly exposed to PFAS via use of industrial or 
AFFF-impacted habitat 34,60,61.  
Since the first report on the global distribution and related exposure of 
perfluorooctane sulfonic acid (PFOS) in wildlife in 2001, concentrations of PFOS and 
other PFAAs have been measured in fish62, invertebrates like insects or crustaceans60, 
shellfish, marine mammals63, birds64, reptiles65, domestic animals66, animal food 
products66, plants67, plant food products68, and humans69. These studies include 
investigations in wildlife from landscapes and aquatic habitats adjacent to human 
population centers to remote polar regions, including the Arctic70–73 Great Lakes64,74–
76, North Atlantic Ocean30,77–79, Pacific Ocean11,80,81, Antarctica82,83 well as in coastal 
regions and riverine systems across the globe50,84–86.  
Trends in PFAS occurrence and exposure over time and space. In recent years, a 
growing number of field-based studies have assessed geographic variation and 
temporal trends of PFAS concentrations in wildlife from multiple taxa64,65,70,71,87–90. 




among compounds, species, and geographic location, the available data indicate that 
decreases for the majority of PFAAs in exposed wildlife has been relatively slow, if 
present at all. Some decreases in PFOS and FOSA have been documented following 
phase out of their production and use in the early 2000s45,79,90. Data from other species 
or locations suggest sustained or increased PFOS in wildlife, as well as increased 
concentrations of PFCAs over time, which has been attributed to continued emissions 
of long-chain PFCAs, PFCA precursors, or PFOS precursors70,89.  
PFAS in seabirds. PFAS were first documented in seabirds from around the globe in 
the late 1990s91–93, and continued research over the past thirty years has established 
PFAS in multiple species of seabirds from divergent environments, including 
guillemots from the Arctic72,94, herring gulls from the Great Lakes64,95–97, albatross 
from Midway Atoll80, great skuas from the UK98, cormorants from San Francisco 
Bay81, coastal and pelagic seabirds from British Columbia11, and multiple species of 
petrels from the South Atlantic and Indian Oceans99. The range of extant studies have 
provided discrete “snapshots” of PFAS levels in seabirds, as well as assessment of 
temporal trends dating back as far as 196872. Trends identified in seabirds to date align 
with PFAS trends observed in other environmental matrices, including some decreases 
in PFOS and FOSA64 and increases of long-chain PFCAs over time11.  
Wildlife exposure at contaminated sites. Increased public interest in PFAS and 
improved analytical capacity have resulted in identification of a growing number of 
PFAS-impacted sites, with reports of numerous contaminated sites across the United 
States, Europe, Australia and Asia. Localized PFAS contamination may be related to 




industrial sites manufacturing or using PFAS, or application of sewage sludge 
containing high levels of PFAS52,100–103. Habitat subject to high levels of concerted 
PFAS inputs may pose a risk to wildlife using the contaminated area, but abundant 
data gaps exist regarding the magnitude of wildlife exposure related to contaminated 
sites and potentially related individual or population level impacts.  
Manufacturing activities are increasingly associated with concerted areas of 
PFAS contamination. Regulation and phase-outs have caused a geographical shift in 
production beyond North America and Europe, alongside a departure from long-chain 
aliphatic chemistries to replacements with fewer than seven fluorinated carbons, 
polyfluorinated structures, and/or modified iterations of legacy PFAS, such as 
perfluoroalkyl ether acids (PFEAs) incorporating different numbers of ether linkages, 
or legacy PFAS analogues substituting chlorine in previously fluorinated 
positions36,104,105. This has resulted in an evolving and poorly understood landscape of 
PFAS exposure for wildlife surrounding production facilities, including both legacy 
PFAAs and novel compounds.  
PFAS manufacturing and use sites in China, Europe and the US have been 
documented and observed to cause elevated levels of PFAS contamination in adjacent 
habitats, downstream environments, and regional wildlife36,38,52,106,107. Zhou et al. 
found PFOS was the predominant compound in fish from Lake Tangxun, adjacent to a 
major fluorochemical production facility in Wuhan, China, with a mean PFOS value 
of 263 ng/g ww in crucian carp muscle and a mean value of 348 ng/g ww in sharpbelly 
muscle107. Suspect and non-target screening subsequently revealed a suite of 330 




from the same region108. Songbirds near a fluorochemical production site in Antwerp, 
Belgium contain some of the highest PFOS concentrations identified to date in 
wildlife, with up to 48,056 ng/g in eggs of great tits nesting proximate to the 
production site109–111 . Songbirds nesting adjacent to manufacturing facilities and 
disposal sites in Minnesota contained significant concentrations of PFOS (geo. mean = 
270 ng/g egg), and were found to be impacted by PFOS at lower levels than suggested 
by lab-based studies, with decreased hatching success estimated to occur at 150-250 
ng/g egg112,113. Chlorinated polyfluoroalkyl ether sulfonic acids (Cl-PFESAs, often 
referred to under the trade name F53B) are PFOS alternatives widely used in China, 
and have been identified beyond point sources in coastal biota, with the compound 6:2 
Cl-PFESA displaying a trophic magnification factor (TMF)> 1 in a study involving 
marine biota samples from the Bohai Sea106. In the US, production of PFEAs in North 
Carolina has resulted in downstream PFEA contamination in fish and humans, along 
with identification of associations between immune and liver function and elevated 
PFAS levels in fish34,114.  
Health Effects in Humans. PFAS are not innocuous, and the environmental ubiquity 
of this group of emerging pollutants does not translate to a lack of harm or risk. 
Potential human health and ecosystem impacts were first identified by industry in the 
1960s, but it took almost four decades before that information was communicated to 
the public and action was taken to reduce, minimize, or eliminate some PFAS. To 
date, most identified human health impacts fall into four general categories: 
developmental effects, hormonal and immune disruption, potential carcinogenicity, 




Many identified effects are associated with environmentally relevant levels of 
exposure, while some, like increased risk for some cancers, are associated only with 
high levels of PFAS exposure115. Animal studies offer additional insight about 
potential associations between PFAS and certain health effects such as liver 
degeneration, decreased immune response, and impaired mammary gland 
development, but should be interpreted with caution beyond the study species as 
adverse effects may be taxa-specific115,116. Research detailing the effects of some 
PFAS on human health is rapidly expanding, yet uncertainties remain regarding how 
mixtures of PFAS or novel PFAS like Gen X and other PFEAs may impact human 
health.  Existing studies suggest novel PFAS may impart similar impacts to the long-
chain PFAAs they seek to replace117,118.  
Health Effects in Wildlife. Most wildlife research to date focuses on the occurrence of 
PFOA and PFOS in wildlife, with some attention to fluorotelomer-based substances, 
long-chain PFCAs or emerging PFAS59. Existing data suggest these PFAS are widely 
abundant in wildlife at every level of biological organization and readily 
bioaccumulate and biomagnify in ways divergent from legacy persistent organic 
pollutants19,77,119, due to their preference for aqueous and protein-based matrices like 
blood and liver120. Traditional modeling based on the octanol-water partitioning 
coefficient, or Kow, does not adequately reflect the internal behavior of PFAS121. 
Current modeling suggests a protein-partitioning model, in tandem with a 
phospholipid-based partitioning model may explain the observed distribution of 
PFAS, but more empirical measurements and mechanistic details are required to more 




compounds have been identified as particularly bioaccumulative in multiple tissues of 
wildlife94,125–127.  
Laboratory data suggest PFAS may be associated with adverse impacts on 
growth, development, reproduction, and metabolism based on rodent, fish, and 
invertebrate studies128,129. Most laboratory toxicity studies describing PFAS impacts 
rely upon freshwater receptors or other lab organisms that may poorly reflect marine 
wildlife endpoints and complex food webs129. Additionally research identifying 
impacts of PFAS on wildlife species and food webs stands as a significant data gap 
and persistent management challenge. As of 2020, roughly 40 studies have 
investigated the impacts of PFAS in free-living wildlife including birds, mammals, 
reptiles, fish, and invertebrates129. These studies have found impacts on reproductive 
success exposure112,113, changes in a suite of enzymes and signaling pathways 
transmission130,131, as well as associations between immune endpoints and 
morphometric measurements in diverse taxa132.  
In birds, PFAS have been associated with altered metabolism, altered endocrine 
function, reproductive failure, decreased egg pipping ability, pathological changes in 
the liver, brain asymmetry, and other physiological changes indicative of altered 
immune function 129,133–136. These studies primarily rely on PFAS measurements in 
blood or egg paired with measurements of specific biomarkers in wildlife to arrive at 
these noted effects. Some of these studies note PFAS impacts at environmentally 
relevant levels of exposure. Significantly more research is required to more fully 
describe if or how PFAS may be chronically or acutely impacting wildlife or wildlife 




PFAS data gaps addressed in this work. While abundant data gaps exist related to the 
distribution and impacts of PFAS in natural and human environment, this dissertation 
builds upon existing knowledge by exploring specific and timely questions addressing 
the occurrence and bioaccumulation of legacy and novel PFAS in seabirds.  
Manufacturing activities continue to introduce new PFAS formulations into the 
environment52, with little information provided to the public about their structures, 
human health risks, or environmental toxicity under protections as confidential 
business information. Continued research is vital to better describe the environmental 
and biological occurrence of PFAS adjacent to manufacturing activities, as well 
describe novel PFAS in the wider environment and biosphere. Additionally, 
exploration of legacy PFAS has focused on only a handful of PFAAs in select 
matrices and food webs23,36,137–139, with scant investigation of PFAS levels in marine 
food webs along the US East Coast to date.   
While some trends of PFAS have been identified over time,  studies documenting 
changes in PFAA concentrations over the last decade (2010 – 2019) are limited; the 
existing data offer conflicting evidence about current trends11,88–90. Additionally, 
studies exploring trends of PFAS beyond PFAAs are limited, and temporal and spatial 
understanding has not been achieved for compounds beyond PFAAs.  
This work addresses these data gaps by measuring legacy PFAAs as well as five 
novel PFAS in seabirds across three US East Coast habitats including a habitat 
adjacent to a PFAS manufacturing site. This work further explores PFAS temporal 
trends by measuring legacy and novel PFAS over a ten-year time series in the Great 




Additionally, little work has assessed how novel PFAS partition between different 
tissues in homeothermic vertebrates, yet such data are vital to predict bioaccumulation 
and those tissues likely to be most impacted by PFAS. This work entails a tissue-
specific study and subsequent commentary on bioaccumulation mechanisms for novel 
PFEAs and PFAAs to further expand our understanding of PFAS bioaccumulation 
potential.  
Microplastics and seabirds.  Plastic pollution in natural environments has emerged as 
a significant global problem over recent decades. Mismanaged plastic materials are 
transported to aquatic systems via point and non-point source pathways, and fragment 
into smaller and smaller pieces under continued exposure to environmental conditions, 
resulting in the proliferation of microplastics, or small plastic pieces generally >5mm 
in size140,141. Seabirds have been documented to ingest small plastic fragments dating 
back to the 1960s – 1980s142, but are increasingly at risk of ingesting plastic items due 
to increasing concentrations of plastic pieces in ocean environments related to 
exponential growth in the production and use of plastics141,143,144.  
Seabirds in the order Procellariiformes are particularly vulnerable to plastic 
ingestion, as 91/144 Procellariiform species have been documented to ingest plastic, 
either directly from the environment or through the consumption of prey containing 
plastic items145–147. This group, which includes Great Shearwaters, is thought to be 
especially prone to plastic ingestion due to reduced specialization of diet, wide-
ranging foraging behaviors, and reliance on olfactory cues in prey location148–150.  
Accumulation of ingested plastics significantly increases risk of mortality in 




understood due to the range of factors that might influence the magnitude of harm. 
These factors include the type and size of plastic ingested, the duration of time the 
item has already been in the environment, other diet items consumed, species-specific 
in vivo clearance rates, and exposure to other environmental stressors or co-
contaminants152–156.  
Cohesive understanding of potential harm from plastic ingestion is also limited by 
patchy data describing the occurrence of ingested plastics over time, between different 
locations, and between life stages. Existing work often relies upon opportunistic 
samples of convenience from readily accessible species and therefore often depicts 
plastic ingestion at only a discrete time and place. Great Shearwaters have been 
previously assessed for plastic ingestion in such discrete studies across their breeding 
and non-breeding range149,157–159. Additionally, existing work in Great Shearwaters has 
focused on the count and mass of ingested plastics, without further detail about the 
nature of the plastic items ingested or relationships to other physiological variables. 
With this work, we expand upon previous research in this species by offering a 
thorough characterization of the size of ingested plastic pieces, polymer types, 
temporal trends, and relationships to bird body condition by assessing Great 
Shearwaters across both their breeding and non-breeding range.  
Summary. Overall, this dissertation contributes data that describes the occurrence of 
emerging contaminants including legacy and novel PFAS and microplastics in marine 
habitats over space and time, primarily using seabirds as sentinels of PFAS and plastic 
accumulation. We also contribute insight regarding the internal toxicokinetics of 




internal behavior of PFAS in homeothermic organisms. We further used the large 
body of necropsy data derived in support of contaminant studies to improve plumage 
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Per- and polyfluoroalkyl substances (PFAS) are anthropogenic, globally 
distributed chemicals. Legacy PFAS, including perfluorooctane sulfonate (PFOS), 
have been regularly detected in marine fauna but little is known about their 
current levels or the presence of novel PFAS in seabirds. We measured 36 
emerging and legacy PFAS in livers from 31 juvenile seabirds from 
Massachusetts Bay, Narragansett Bay, and the Cape Fear River Estuary (CFRE), 
USA. PFOS was the major legacy perfluoroalkyl acid present, making up 58% of 
concentrations observed across all habitats (range: 11 - 280 ng/g). Novel PFAS 
were confirmed in chicks hatched downstream of a fluoropolymer production site 
in the CFRE - a perfluorinated ether sulfonic acid (Nafion byproduct-2; range: 1 – 
110 ng/g) and two perfluorinated ether carboxylic acids (PFO4DA and 
PFO5DoDA; PFO5DoDA range: 5 – 30 ng/g). PFOS was inversely associated 
with phospholipid content in livers from CFRE and Massachusetts Bay 




positively correlated with some long-chain PFAS in CFRE chick livers. These 
results detail concentrations of legacy and novel PFAS across different marine 
ecosystems along the US Atlantic East Coast. There is also an indication that 
seabird phospholipid dynamics are negatively impacted by PFAS, which should 
be further explored given the importance of lipids for seabirds. 
 
INTRODUCTION  
Per- and polyfluoroalkyl substances (PFAS) are anthropogenic organic 
contaminants used extensively in a variety of commercial, industrial, and military 
applications globally.1 Continued, widespread use of PFAS with diverse formulae 
has resulted in the detection of multiple PFAS into the global environment 2–4. 
Industrial production has shifted away from long-chain chemistries to 
replacements with fewer than seven fluorinated carbons, polyfluorinated 
structures, and/or structurally modified iterations of perfluoroalkyl acids (PFAAs) 
such as perfluoroalkyl ether acids (PFEAs) incorporating different numbers of 
ether linkages5,6. PFEAs include both perfluoroalkyl ether carboxylic acids 
(PFECAs) and perfluoroalkyl ether sulfonic acids (PFESAs).  
Both legacy PFAS and new formulations may be released to the environment 
via both direct or indirect discharges, or some interplay of the two1,7–9. The 
continued inputs of PFAS act in tandem with their extreme environmental 
persistence to sustain the proliferation of these compounds within terrestrial10, 
marine11, estuarine12, freshwater13, cryosphere14, and atmospheric 




compartments, including marine invertebrates16, fish17, birds18–21, and marine 
mammals22. This environmental and biological ubiquity presents challenges for 
ecological health, as substantial evidence suggests a variety of legacy and new 
PFAS have the potential for adverse effects across multiple taxa23,24.  
 
Toxicology and field studies suggest associations between PFAS 
concentrations and reproductive parameters, morphometric characteristics, and 
metabolic processes in avifauna25–31. Controlled studies across multiple taxa, 
including birds, also suggest variable associations between PFAS and lipid 
production, metabolism, and storage pathways 32–34. Yet comprehensive 
assessments of PFAS exposure or potential toxicity in wild avifauna are stymied 
by a lack of foundational data detailing the environmental occurrence of diverse 
PFAS across multiple habitats and bird taxa. Transfer of PFAS via trophic 
interactions is likewise still under investigation, with habitat- and food web-
specific trends apparent35–37. Furthermore, there is a dearth of data detailing PFAS 
concentrations in avifauna near industrial point sources, or potential impacts 
related to chronic, elevated exposure from such direct or substantial 
discharges29,30,38. This stands as a significant data gap considering that effective 
protection of endangered species and habitat surrounding contaminated sites relies 
on understanding exposure and impacts in bird species and other keystone 
wildlife.  
The oceans are thought to be the final sink for legacy and novel PFAS 




Long-lived seabirds present an opportunity to assess and compare PFAS detection 
and trends across a range of coastal and oceanic habitats. In their given marine 
habitats, seabirds act as integrative sentinels due to their generally predictable life 
histories and foraging strategies, long life span, top predator trophic position, 
sensitivity to environmental stressors on observable time scales, and physiological 
interconnectivity to both air and water39,40. They assimilate resources and related 
environmental conditions, and demonstrate organismal and population level 
responses. This responsiveness allows seabird population and individual condition 
to be utilized as indicators reflecting chemical contamination and/or overall 
ecosystem health or stress20,41–43.  
We used seabirds as sentinels to assess and contrast patterns and magnitude 
of PFAS exposure in three marine regions. We targeted 36 PFAS in the livers of 
31 juvenile seabirds found dead in 2017 in three coastal and pelagic marine 
habitats with variable PFAS exposure potential. The main objectives of this study 
were to a) measure and compare legacy and emerging PFAS in different seabirds 
from marine habitats subject to variable direct or indirect PFAS discharges, and b) 
ascertain any association between stable isotope signatures approximating trophic 
habits, phospholipid levels, and PFAS concentrations.  
 
MATERIALS AND METHODS  
Chemicals and Reagents 
A total of 36 PFAS were assessed in juvenile seabird livers using target and 




perfluorocarboxylates (PFCAs), C4-C10 perfluorosulfonates (PFSAs), three 
perfluoroalkyl ether carboxylic acids (PFECAs), one perfluoroalkyl ether 
sulfonate (PFESA), three fluorotelomer sulfonates (FTS), and three sulfonamide 
precursors (Tables S1,S4-S5). More details about target and suspect analytes, 
chemicals, and reagents can be found in the Supplementary Information (SI).  
Sample Collection  
Liver tissue was obtained from six species of deceased juvenile seabirds. 
Juvenile Great Shearwaters (Ardenna gravis) originated from Massachusetts Bay 
(n = 10) and Herring Gull chicks (Larus argentatus smithsonianus)  from 
Narragansett Bay (n = 10). Royal Tern (Thalasseus maximus), Sandwich Tern 
(Thalasseus sandvicensis), Laughing Gull (Leucophaeus atricilla), and Brown 
Pelican (Pelecanus occidentalis) chicks originated from the Cape Fear River 
Estuary (n = 11) (CFRE) (Fig. S1). These birds, while unique species with 
nuanced life histories and food web roles, reflect broadly similar foraging 
preferences and strategies in coastal and pelagic habitats (Table S2). Literature  
also implies similar PFAS bioaccumulative capacity between different bird 
species, enabling a comparison of similar avifauna44–46.  
The individuals analyzed here span several months in age, ranging from 2-4 
week old chicks to ~6 month old juveniles. Based on the long tissue half-life of 
PFAS, these young birds predominantly reflect PFAS derived from maternal 
offloading, and thus the highest internal concentrations experienced by each 
individual over their lifetime46–48. More details supporting our use of a multi-




The selected habitats represent a continuum of potential PFAS exposure, 
with the highest likelihood of exposure in the CFRE downstream from a 
fluoropolymer production facility. Narragansett Bay represents an intermediate 
potential for PFAS exposure; it is a well-mixed coastal embayment adjacent to a 
large urban center, but lacks major PFAS production facilities. The lowest 
likelihood of exposure, based on increased distance from direct human sources of 
PFAS, is reflected by seabird juveniles collected from Massachusetts Bay. 
Massachusetts Bay is a productive offshore marine habitat encompassing 
Stellwagen Bank National Marine Sanctuary, and representative of the offshore 
pelagic environment of the North Atlantic (Fig. S1).  
All individuals were necropsied in a standardized manner49. Liver tissue was 
used for PFAS analysis and stable isotope analysis, while muscle was only used 
for stable isotope analysis. Additional details about sample condition, sample 
procurement, and individual sample details can be found in the SI.  
Analysis of PFAS  
Complete extraction methods are provided in the SI. Briefly, liver samples 
were lyophilized and solvent-extracted in methanol using sonication, 
centrifugation, and freezing, paired with graphitized non-porous carbon solid 
phase extraction. Measurement and quantification of 25 PFAS was achieved using 
liquid chromatography tandem-mass spectrometry (UPLC-MS/MS) experiments 
in negative electrospray ionization mode. Further details about quantification and 
instrumental parameters are provided in the SI. Estimates of PFAS concentrations 




from 14 – 112% with a mean recovery of 62% across all compounds, similar to 
recoveries reported in other work using avian liver47,50,51 (Table S6). 
Liver tissue was also assessed via suspect screening using high resolution 
mass spectrometry (HRMS). Fresh tissue aliquots were extracted for PFEAs of 
interest by means of protein precipitation and dilution 19,52. Sample extracts were 
measured using a ThermoFisher Orbitrap Fusion (Thermo Fisher Scientific, 
Waltham, MA, USA) operated in heated electrospray ionization in negative mode 
as previously described 19,52.  
 
Concentrations of PFEAs were derived from these HRMS experiments. 
Nafion BP2 and PFO5DoDA were assessed using native standards and reported 
here quantitatively while all other PFEAs were assessed based on previously 
determined accurate mass and spectral information using a semi-quantitative 
approach (Tables S1, S5) 8,53. PFO4DA was the only PFEA detected in samples 
that lacked a native standard; PFO4DA was reported as raw abundance and 
excluded from concentration calculations due to the lack of an authentic native 
standard. Mass-labelled surrogates of similar molecular weight and retention time 
were used in the absence of matched surrogates for quantitation of Nafion BP2 
and PFO5DoDA (Table S5).   
For those compounds analyzed via both UPLC-MS/MS and HRMS, UPLC-
MS/MS concentrations are reported here due to more rigorous quality assurance 




analysis, and quality assurance for both UPLC-MS/MS and HRMS are provided 
in the SI.  
Stable Isotope and Phospholipid Analysis 
Stable isotope analysis was used to evaluate trophic transfer of PFAS, as well 
as to ensure trophic comparability of the sample set. ẟ15N, ẟ13C, and ẟ34S were 
measured in muscle; ẟ15N and ẟ13C were also measured in liver to facilitate 
comparison to a tissue with a faster isotopic turnover rate42, given the unknown 
rate of PFAS turnover in avian tissues.  
Total lipid was extracted from liver tissue aliquots using a modified Folch 
method, and phospholipid content of liver tissue assessed colorimetrically using 
an EnzyChrom Phospholipid Assay Kit (BioAssay Systems, Hayward, CA)54. 
More details about stable isotope and phospholipid analysis are available in the 
SI.  
Statistical Analysis 
All data manipulation and statistical analyses were performed in R version 
3.6.1 (R Core Team, 2020)55. Concentrations were converted to a wet weight 
basis for comparability to other literature values. Responses not detected or below 
the linear dynamic range of the curve were labeled as “nd” and assigned a value 
of zero. Observations below method reporting limits with a detection frequency 
higher than 50% were replaced with the half the method reporting limit for 
statistical analyses, and included as such in calculation of summed concentrations 
(∑19PFAS ) and statistical analysis56. Data were checked for normality and 




data were non-normal despite log transformation and therefore treated non-
parametrically for statistical analyses; habitat groups displayed no significant 
differences in variance. Differences between habitats were assessed using 
Kruskal-Wallis tests with post hoc application of Dunn’s test with Bonferroni 
correction for multiple testing, or with the Wilcoxon rank sum test. Relationships 
between concentrations were assessed using Spearman rank correlation 
coefficients (Rs2). Rs2 presents the proportion of the rank variance explained by 
the correlation between variables with test assumptions more suitable for this 
dataset, providing insight about the relationship similar to the Pearson R2. Liver-
water bioaccumulation factors (BAFs) were calculated by dividing geometric 
mean liver PFAS levels by measured or estimated surface water concentrations 
adjacent to nesting or collection locations, followed by log transformation; more 
details about BAF calculations can be found in the SI.  
 
RESULTS AND DISCUSSION  
Observed detection frequencies and patterns by habitat 
Samples were screened for 36 analytes using target and suspect screening; 27 
analytes were quantified using native standards. Only one semi-quantitative 
compound was detected via suspect screening, PFO4DA. 19 of the 27 quantifiable 
analytes were measured above detection limits in at least one sample, and 
detection frequencies varied by habitat. PFOS, PFNA, PFDA, and PFUnDA were 




The highest ∑19PFAS measured was 390 ng/g w.w. liver comprised of 14 
quantifiable analytes, found in a CFRE Royal Tern chick. The lowest ∑19PFAS 
concentration was observed in a juvenile Great Shearwater from Massachusetts 
Bay containing ∑19PFAS of 26 ng/g, comprised of 5 analytes above detection 
limits (Fig. 1). Chicks from the CFRE system contained significantly greater 
concentrations and number of PFAS than juveniles from Massachusetts Bay or 
Narragansett Bay (Dunn’s test; p < 0.001) (Figs. 1a, 3a). There was no significant 
difference between mean ∑19PFAS levels observed in individuals from 
Narragansett Bay and Massachusetts Bay (Fig. 3a), though Great Shearwater 
individuals were older than Narragansett Bay chicks, and may underestimate 
levels found in chicks of this species. Within each habitat, concentrations were 
not significantly different between male and female chicks, though the sample 
size of sexed individuals was small (Table S17).  
Multiple PFEAs were not detected, including novel PFECAs PMPA, PEPA, 
PFO2HxA, and PFO3OA, and novel PFESAs NVHOS, Nafion byproduct 4 and 1. 
No fluorotelomer sulfonates were detected above reporting limits, nor  N-
EtFOSAA or N-MeFOSAA. The lack of bioaccumulation of shorter-chain PFEAs 
may be analogous to the reduced bioaccumulation potential of short-chain PFCAs 
in upper trophic level homeotherms57. The lack of detection of these compounds 
may also denote in vivo biotransformation. Research in other biota has shown 
fluorotelomer sulfonates are precursors to some PFCAs58 while N-EtFOSAA and 
N-MeFOSAA are PFOS precursors7. Further work is required to deduce if the 




biotransformation, or the true absence of a compound in these environments and 
food webs. FOSA, a perfluoroalkane sulfonamide, was only detectable in three 
birds from the CFRE. These detections may be the result of continuous, high 
levels of FOSA or FOSA-precursors related to production activities or legacy 
PFAS sources in the region53. Such continuous inputs could exceed metabolic 
capacity and cause tissue residues of FOSA.  
Continued dominance of PFOS in juvenile seabirds 
PFOS was the most abundant compound in all sampled livers, making up 
58% of total liver concentrations across the sample set. The proportion of PFOS 
measured in each individual varied by habitat, with the CFRE and Narragansett 
Bay individuals containing the highest geometric mean of 61% and 67% PFOS, 
respectively (Fig. 2).  
These data align well with previous literature that determined a high 
proportion of PFOS in seabird livers, eggs, and serum in species from multiple 
ecological provinces20,21,59–63. The highest PFOS concentration measured in this 
study was 280 ng/g w.w. liver in a Sandwich Tern chick from the CFRE, similar 
or higher than levels measured within the past ten years in other long-lived 
temperate seabirds20,21,60,61. Average avian toxicity reference values (TRVs) for 
PFOS reported by Newsted et al. of 600 ng PFOS/g liver were approximately 2-
30 times higher than PFOS levels reported in these young birds64.  Seven of 
eleven CFRE chicks exceeded the female-specific liver TRV of 140 ng PFOS/g 




from Mass. Bay and one unsexed bird from Narra. Bay also exceeded the female-
specific TRV.  
Our data indicate the continued occurrence of PFOS in juvenile avifauna at 
levels of toxicological concern despite a production phase-out of 
perfluorooctanesulfonyl fluoride (POSF), PFOS, and PFOS precursors in the US 
in the early 2000s1. The phase-out in 2000-2002 resulted in decreased PFOS 
and/or precursor concentrations in select environmental matrices22,65. Modeling 
and empirical results suggest decreased availability of volatile precursor 
compounds like FOSA, whose environmental occurrence responded quickly to the 
phase-out, likely caused any decreasing trends of PFOS in wildlife observed after 
200222. Yet biotic trends in PFOS vary based on spatial habits, proximity to local 
sources, and with trophic strategy, and there is no consistent global pattern of 
continually decreasing PFOS across multiple avian matrices 18,60,63,66. Current 
PFOS concentrations in wildlife reflect exposure to extant precursor compounds 
that may transform in situ or in vivo to PFOS, in vivo depuration of PFOS, and 
sustained transfer of PFOS itself via environmental or trophic interactions 65,67,68. 
Our results highlight the continued biological occurrence of PFOS as a function of 
these exposures.  
Variable contribution of PFCAs by Habitat 
Concentrations of PFCAs including PFDA, PFNA, and PFUnDA reported in 
this study were similar to or elevated compared to concentrations previously 
reported in temperate species, as well as in birds from Great Lakes and Arctic 




PFDA, where PFOA < PFNA < PFDA > PFUnDA, whereas in Massachusetts 
Bay PFNA < PFDA < PFUnDA and in Narragansett Bay PFNA < PFDA ≈ 
PFUnDA. 
The proportion of ∑PFCAs to ∑PFSAs varied between habitats, with 
individuals from CFRE and Narragansett Bay dominated by PFSAs while 
individuals from Massachusetts Bay contained a significantly higher proportion of 
PFCAs (Dunn’s test; p < 0.001) (Fig. 3b). The dominance of PFCAs in offshore 
Massachusetts Bay individuals was driven partly by significantly higher 
concentrations of the C11 PFCA, PFUnDA, in offshore individuals (Dunn’s test; p 
< 0.05) (Fig. S2). Mean concentrations of other long-chain (CnF2n-1 COOH, n ≥7) 
PFCAs found in both Narragansett Bay and Massachusetts Bay were not 
significantly different.  
The preferential dominance of PFUnDA seen here in seabirds from offshore 
Massachusetts Bay habitat has been observed in Arctic marine mammals as well 
as Arctic and temperate seabirds4,20,21,70. These studies exemplify a broader 
pattern in which PFCAs with odd chain lengths are more abundant in biota than 
PFCAs with even chain lengths. This pattern is a result of preferential 
bioaccumulation of longer-chain homologues, coupled to substantial atmospheric 
and water-borne transport of PFCAs and PFCA precursors of variable chain 
length15,23,70–72.  Notably, our data suggests this pattern only applies to biota 
exposed to diffuse PFAS sources, as CFRE birds subject to localized point 
sources of PFAS actually contained greater concentrations of PFDA (C10) 




Limited data suggest environmentally relevant exposures of long-chain 
PFCAs are associated with changes in metabolic rate, oxidative stress, and 
reproductive behaviors in Arctic black-legged kittiwakes25,73. We highlight the 
need for further research about the formation, long-range transport, occurrence, 
and effects of PFUnDA and other long-chain PFCAs in marine systems 
supporting seabirds. Such a comprehensive understanding is necessary given the 
sustained or increasing occurrence of long-chain PFCAs in remote wildlife21,63, 
the substantial suite of stressors currently impacting marine species globally, and 
the continued importance of marine food resources to human communities74. 
Potentially Confounding Factors 
The opportunistic sample set of dead chicks and juveniles enabled us to 
measure PFAS in liver tissue, allowed the acquisition of unique samples from the 
CFRE before the cessation of certain industrial PFAS discharges, and allowed 
assessment of PFAS during a critical development window in immature 
individuals from data-deficient habitats. Yet this opportunistic sampling also 
introduced potentially confounding factors related to the variable species and ages 
of collected individuals.  
The older Great Shearwater juveniles in this study were self-feeding for 
approximately two months, while the chicks from other habitats were still being 
provisioned by their parents. Great Shearwater PFAS profiles may therefore 
reflect increased input from dietary sources.  Immature Shearwaters are thought to 
eat similar items as adult Great Shearwaters75; hence – the PFAS profile should be 




juveniles reflect growth dilution, and may underestimate PFAS concentrations 
present in chicks of this species.  
Literature to date has yet to identify significant differences between uptake, 
metabolism, or elimination pathways and rates between similar bird species20,44–
46; bioaccumulation in birds appears driven by habitat and trophic exposures. 
However, species-specific toxicokinetics have been identified between multiple 
mammal species76. We also have not investigated the possibility of developmental 
changes in molecular receptors of PFAS in birds or other wildlife, although PFAS 
have been found at higher levels in juveniles than adults across multiple 
taxa48,77,78. We suggest additional research on the toxicokinetic behavior of PFAS 
in different bird species and across developmental stages, given their utility and 
importance as sentinel predators.  
Association with phospholipid content 
Lipid moieties play key roles in organismal metabolism, reproduction, 
migration, and other basic functions key to wildlife health and fitness. 
Phospholipid levels were significantly (p<0.05) associated with PFOS in 
Massachusetts Bay and CFRE individuals (Rs2 = 0.52 and 0.45, respectively) (Fig. 
4a). ∑19PFAS was more weakly associated with measured phospholipids (Rs2 = 
0.14 and 0.45 for Massachusetts Bay and CFRE individuals, respectively and Rs2 
= 0.51 when assessed as a total sample set, n = 31). There was also a statistically 
significant correlation between PFNA and phospholipid in CFRE chicks (Rs2 = 




The importance of phospholipids in the accumulation of long-chain PFAAs 
has been supported by both empirical observations from marine mammals as well 
as modeling results  54,79–81. Conversely, controlled studies in chickens suggest 
PFOS may impact lipid metabolism and production via gene suppression, 
suggesting PFOS may instead indirectly mediate lipid levels 32,33,68,82. Currently, 
our understanding of phospholipid-PFAS associations and relationships lacks 
substantial field-derived data beyond marine mammals.  
These data, though derived from a small sample set, suggest an association 
between environmentally relevant concentrations of PFOS (and possibly PFNA) 
and decreased liver phospholipid content in wild seabirds, a previously unreported 
phenomenon (Fig. 4). Lipid levels in seabird livers may be influenced by a variety 
of physiological and nutritional constraints not measured within the scope of this 
study; we note the lack of comparative baseline data describing liver phospholipid 
levels in the species examined within this work as a possible limiting factor. 
However, lines of evidence from multiple disciplines suggest a high conservation 
of non-diet lipid composition in a given tissue between similar avian species83–86. 
Controlled animal studies also point to the same relationship between PFOS 
exposure and changes in phospholipid content, lipid profiles, and lipid 
metabolism alongside altered expression of genes related to lipid dynamics in the 
livers of domestic chickens32,33,68,82. Most relevant to the results seen here, 
subcutaneous delivery of 0.02 mg/ml and 0.1mg/ml PFOS resulted in decreased 
phospholipid content in domestic chicken plasma after 28 days of exposure and 




Laboratory-based studies using model phospholipid bilayers, liposomes, and 
bacterial membranes exhibit an inverse relationship between PFAS levels and 
phospholipids, manifested via increased incorporation of PFAS into bilayers and 
subsequently decreased lipid content. These studies also found increased bilayer 
disruption by PFAS based on chain-length and functional group87,88. The results 
from these controlled membrane studies are not easily translated to realistic 
biological conditions, yet in combination with other evidence (our data, previous 
work in pilot whales54, and controlled animal studies referenced above) we 
highlight a potential and currently undefined relationship between PFOS and 
phospholipid responses in wild organismal systems at environmentally relevant 
exposure levels. Further research is warranted to better describe relationships 
between PFAS-driven lipid responses in combination with the role of lipids in 
PFAS partitioning.  
Relationship to stable isotope data 
ẟ15N is frequently used as a proxy for trophic level across terrestrial and 
aquatic systems; while system and prey-base specific, enrichment of ẟ15N 
typically indicates foraging at a higher trophic level42. Legacy persistent organic 
pollutants (POPs) like polychlorinated biphenyls or DDT frequently increase in 
concentration with trophic level as approximated by ẟ15N values, due to 
bioaccumulation of hydrophobic POPs in lipid-rich consumer matrices89.  Here, 
we found ẟ15N values and calculated trophic level were not significantly 




(Fig. S6, Table S23). PFOS and ∑19PFAS were positively associated with ẟ15N 
only in Massachusetts Bay individuals (Table S23).  
ẟ13C values reflect basal sources of primary production supporting trophic 
networks42 and exhibit significantly less step-wise change with prey-consumer 
interactions. This allows bulk differentiation between inshore and offshore food 
chains based on characteristic enrichment or depletion of ẟ13C associated with 
terrestrial vs marine primary production (Fig. S8) 42. ẟ13C ranged from -19.8 to -
17.0 in CFRE individuals, and from -22.5 to -19.0 in Narragansett and 
Massachusetts Bay individuals. In contrast to previous studies, concentrations of 
C9, C10, C11, and C13 PFCAs, PFOS, and ∑19PFAS in CFRE birds were associated 
with enriched ẟ13C values in seabird muscle and liver, likely reflecting the unique 
geomorphology of the CFRE system and energy-saving coastal foraging habits of 
CFRE seabird species (Fig. S7). PFTrDA and PFDA were negatively associated 
with ẟ13C values in Mass. Bay individuals, which may reflect increased exposure 
to long-chain PFCAs in offshore environments via long-range transport and 
transformation of PFCA precursors. More details about relationships between 
PFAS and stable isotopes are available in the SI.  
Unique occurrence of emerging compounds  
HRMS analysis helped us confirm the presence of (previously identified) 
PFEAs in chick livers for the first time: Nafion BP2 and PFO5DoDA were found 
in livers of all CFRE individuals (n = 11) while PFO4DA was found in 7 of 11 




The maximum Nafion BP2 concentration was 110 ng/g w.w. in a Laughing 
Gull chick and a maximum PFO5DoDA concentration of 30 ng/g w.w. in a Royal 
Tern chick (Fig. 1b). Nafion BP2 was also detected in two Great Shearwaters and 
one Herring Gull from outside the CFRE, or 15% of the non-CFRE sample set 
(Figs. 1b, S10). 
The detection of these PFEAs in CFRE chicks is due to proximity to an 
industrial point source and the then-ongoing discharge of PFEAs to surface water. 
CFRE chicks were hatched in a well-mixed estuary ~145 km downstream from a 
fluoropolymer production facility in Fayetteville, NC. “Gen X” or HFPO-DA, 
along with other PFEAs were detected at high levels in Cape Fear River surface 
water and Wilmington, NC drinking water as a result of industrial wastewater 
discharges into the mainstem Cape Fear River53,90,91. Increased research attention 
following the 2017 termination of the industrial discharge has revealed the 
presence of multiple PFEAs in downstream environments, fish, and humans 52,92.  
Notably, concentrations of Nafion BP2, PFO5DoDA, and PFO4DA reported 
here are the highest biotic measurements of these PFEAs at the greatest distance 
from the production plant recorded to date, similar to measured PFOS 
concentrations and PFOS bioaccumulation factors in chick livers (Figs. 1, S9). 
Average PFEA concentrations reported here from seabird chick liver tissue (ppb, 
ng/g) are approximately 20 times higher than PFEA concentrations found in 
striped bass serum (ppb, ng/mL)52.  
Observed PFEA concentrations in CFRE chicks are likely not a result of 




prey items by seabird parents. The species sampled in this study are strictly 
marine, and do not inhabit or use freshwater, riverine habitats based on colony 
observations and their foraging preferences (marine and estuarine prey including 
forage fish, squid, and crustaceans)93–95. PFEAs were previously measured in 
river water upstream from the breeding colony at very high concentrations while 
the industrial discharge was ongoing90,96. Their detection in seabirds here suggests 
these emerging PFEAs are environmentally persistent and capable of significant 
downstream transport and biotic uptake via undefined water-borne, particulate, 
and/or atmospheric pathways.  
The confirmed presence of Nafion BP2 in three individuals outside of the 
CFRE is the first identification of Nafion BP2 in biota outside of the CFRE 
region, reiterating the environmental persistence and mobility of Nafion BP2. 
These detections are difficult to explain because virtually no data exists 
describing Nafion BP2 environmental occurrence beyond the CFRE region. 
Nafion BP2 detections in non-CFRE chicks may be due to migratory proximity to 
the CFRE; we consider this unlikely due to the lack of evidence indicating use or 
reliance on the CFRE system by non-CFRE populations sampled in this study.  
More likely, Great Shearwater juveniles and Herring Gull chicks 
accumulated Nafion BP2 as a result of exposure to indirect discharges 
contaminated with Nafion products or related degradation byproducts. Nafion is 
the brand name of a perfluorinated ionic polymer first discovered in the 1960s via 




produced this ionic polymer since the 1980s. Nafion byproduct-2 is a side product 
from the reaction of the polymer precursors.92.  
Little data exist describing how production, use, or disposal of this 
perfluorinated polymer may contribute to PFAS to the environment. Evidence 
from the CFRE suggests Nafion production waste streams may contribute 
substantial loads of Nafion byproducts to receiving environments52,53,90,92. Feng et 
al. (2015) investigated the thermolysis products of Nafion 117, a typical Nafion 
membrane and suggested high-temperature uses or disposal of Nafion via 
incineration may produce multiple perfluorinated structures as a result of 
incomplete combustion97; Nine groups of fluorinated analogues were identified as 
a result of thermal treatment of Nafion 117 membranes, including breakdown 
products structurally similar to Nafion BP297. Additional research documents 
chemical and mechanical degradation pathways relevant to Nafion membrane 
function and efficiency98. The (albeit limited) detection of Nafion BP2 beyond 
CFRE individuals warrants additional screening of Nafion byproducts in diverse 
environmental matrices, investigation into the life-cycle of Nafion technologies, 
and potential environmental persistence of PFESAs.  
Divergent sources of emerging and legacy PFAS in the CFRE system 
Ratios of PFEAs to PFOS varied between individuals, with PFEA levels on 
the same order of magnitude as PFOS in select individuals (Fig. 1b inset). PFEA 
concentrations were not correlated with PFOS or long-chain PFCAs in CFRE 
chicks, while PFO5DoDA displayed a weak positive correlation with PFDA (Fig. 




to the system via different pathways unassociated with the industrial facility 
producing PFEAs, in-line with their previous detection in surface waters from the 
region 53. Prior research indicates concentrations of PFCAs and PFSAs in surface 
water are similar above and below the fluoropolymer facility in Fayetteville, NC 
while concentrations of PFEAs varied starkly upstream and downstream of the 
facility while active discharges from the facility were ongoing53,90.  
Implications for further research 
Our results highlight the potential role of seabirds as key sentinels of marine 
environments, and confirm the sustained presence of legacy PFAS in marine 
systems along the US East Coast. We also document PFEAs in seabirds for the 
first time, reflecting the shifting suite of PFAS in production and in environmental 
matrices. As our current understanding of PFAS effects in wildlife is limited, 
future biomonitoring in seabirds and other wildlife should derive responses and 
effects related to ambient PFAS levels. Understanding PFAS levels and effects in 
marine food webs and biota ultimately stands to benefit public health and 
commerce as we continue to rely on marine food webs for economic, nutritional, 
and aesthetic services. 
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TABLES AND FIGURES 
 
Table 2.1. Detection frequency of quantifiable and semi-quantitative analytes in 
seabird juveniles from each habitat and as a total sample set across all habitats 
combined. Mass. Bay = massachusetts bay, narra. Bay = narragansett bay, and 
cfre = cape fear river estuary. Family names are from buck et al. 2011. 
Compounds highlighted in gray are those compounds detected above reporting 
levels in at least 97% of individuals via lc-ms/ms. a detection based on raw 
abundances in comparison to blank raw abundances due to lack of authentic 
standards. b low recovery (14%) related to sample preparation.  





N-MeFOSAA FASAA 8 0 0 0 0
N- EtFOSAA FASAA 8 0 0 0 0
FOSAa FASA 8 0 0 27 10
4:2 FTS FTS 4 0 0 0 0
6:2 FTS FTS 6 0 0 0 0
8:2 FTS FTS 8 0 0 0 0
PFBA PFCA 3 100 80 73 84
PFPeA PFCA 4 0 0 0 0
PFHxA PFCA 5 0 30 27 19
PFHpA PFCA 6 0 0 0 0
PFOA PFCA 7 0 0 64 23
PFNA PFCA 8 100 100 100 100
PFDA PFCA 9 90 100 100 97
PFUnDA PFCA 10 100 90 100 97
PFDoA PFCA 11 0 10 27 13
PFTrDA PFCA 12 70 20 27 39
PFTeDA PFCA 13 0 10 0 3
PMPA PFECA 3 0 0 0 0
PFO2HxA PFECA 3 0 0 0 0
PEPA PFECA 4 0 0 0 0
PFO3OA PFECA 4 0 0 0 0
HFPO-DA PFECA 5 0 0 9 3
PFO4DA
b PFECA 5 0 0 70 23
PFO5DoDA PFECA 6 0 0 100 36
Nafion BP4 PFESA 6 0 0 0 0
Nafion BP2 PFESA 7 20 10 100 45
Nafion BP1 PFESA 7 0 0 0 0
NVHOS PFESA 4 0 0 0 0
PFBS PFSA 4 0 10 0 3
PFPeS PFSA 5 20 0 0 7
PFHxS PFSA 6 10 10 55 26
PFHpS PFSA 7 0 0 55 19
PFOS PFSA 8 100 100 100 100
PFNS PFSA 9 0 0 0 0
PFDS PFSA 10 0 10 9 7
PFECHS
Cyclic 
PFSA 8 0 0 0 0






Figure 2.1. Measured concentrations of A) PFAS in juvenile seabird livers 
measured via LC-MS/MS, B) two emerging PFAS measured via targeted HRMS, 
alongside B-inset) ratios of emerging PFEAs to PFOS in CFRE chicks. Nafion 
BP2 concentrations positively identified in non-CFRE chicks but below the linear 
dynamic curve range are graphed in panel B as half the reporting limit; grey 





Figure 2.2. The composition of PFAS in liver tissue, presented by individual and 





Figure 2.3. ∑19PFAS presented in A) as a boxplot, with the dark line representing 
the median, box limits representing the first and third quartiles, whiskers denoting 
1.5 times the interquartile range, and crosses denoting outliers. The asterisk 
indicates a statistically significant difference between habitat mean ∑19PFAS 
compared via  Wilcoxon rank sum test using the CFRE as the reference group, 
while B) presents ratios of ∑PFCAs to ∑PFSAs in each individual. Ratios above 
1 indicate PFCA dominance, while ratios below 1 indicate PFSA dominance. 









Figure 2.4. A) presents log-transformed concentrations of PFOS vs phospholipid 
(PL) grouped by habitat, while B) displays log-transformed PFOS and 
phospholipid (PL), assessed as a total sample set (n = 31). Text annotation 
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Chemicals, reagents, and materials 
Analytical standards of greater than 99.9% purity, including mass-labeled 
surrogates, were purchased from Wellington Laboratories (Guelph, ON, Canada). 
Native Nafion BP2 and PFO5DoDA were provided by Chemours (Fayetteville, 
NC) in lieu of a commercial source. HPLC grade methanol was purchased from 
Fisher Scientific (Waltham, MA, USA). Ultrapure water for equipment cleaning 
was obtained from a Milli-Q system fit with an HPLC water polisher or via HPLC 
grade water purchased from Fisher Scientific (Waltham, MA, USA). ENVI Carb 
2g cartridges were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Ammonium acetate was purchased from Fisher Scientific (Waltham, MA, USA) 





All birds were obtained opportunistically for use in this study, and no birds 
were killed for the purposes of this study. Birds were collected and stored in 
accordance with URI Biosafety standards and the Migratory Bird Treaty Act.  
Dead Great Shearwater juveniles (Ardenna gravis) were obtained as bycatch 
from the National Oceanic and Atmospheric Administration (NOAA) Northeast 
Fisheries Observer Program (Falmouth, MA). Dead Herring Gull (Larus 
argentatus smithsonianus) chicks were obtained from the Wildlife Clinic of 
Rhode Island (Narragansett, RI). Dead Royal Tern (Thalasseus maximus), 
Sandwich Tern (Thalasseus sandvicensis), Laughing Gull (Leucophaeus 
atricilla), and Brown Pelican (Pelecanus occidentalis) chicks were obtained as 
part of routine field and nest surveys conducted by North Carolina Audubon 
(Wilmington, NC).  
Great Shearwaters in this study were self-feeding and had completed their 
first migration from their remote breeding site in the South Atlantic at 
approximately 5-6 months old, and are therefore considered juveniles. Great 
Shearwaters were confirmed to be juveniles based on molt status, presence of the 
bursa of Fabricius, and stage of gonad development. All birds from Rhode Island 
and North Carolina were pre-fledging birds under 8 weeks of age, still under 
parental care at time of death. All individuals were hatch-year juveniles, under 
approximately six months of age. Great Shearwaters were 5-6 years away from 
reproductive maturity, while gulls, terns, and pelicans, who mature more rapidly, 
were at least a year away from reproductive maturity (Tables S3-S4).  






The literature does not currently support the hypothesis of significantly 
different uptake, metabolism, or elimination rates between similar seabird species. 
The species included in this study are similar in trophic strategy and preferred 
prey items, facilitating an acceptable comparison.  
a) Species-based differences in bioaccumulation capacity 
We point to multiple studies across the literature that suggest foraging 
preferences, migratory strategies, and other life history details that determine 
exposure potential drive PFAS concentrations rather than innate differences in 
bioaccumulation capacity between seabird species1,2,11,3–10.  
The most valuable support of our sample design comes from studies 
investigating concentration trends in multiple species surrounding concerted 
PFAS sources. Lopez-Antia et al. (2017) examined PFOS levels in eggs from 
three species of bird surrounding a fluoropolymer production site in the 
Netherlands. The study focused on species that were unambiguously different 
from one another in terms of size and diet, unlike the similar seabirds included in 
our study. Great tits are a small passerine (songbird) species that primarily feeds 
on insects; northern lapwings are small-medium marsh wading birds that feed on 
small aquatic invertebrates or insects. Mediterranean gulls are opportunist 
seabirds that feed on fish, bivalves, or crustaceans. The study found no 
statistically significant differences in egg PFOS levels among the three species, 




clear species-level differences in adult uptake, metabolism, or elimination via 
maternal offloading. Similarly, Yoo et al. (2008) examined PFAS in eggs from 
three bird species nesting on Lake Shiwa in Korea, a large, industrially-influenced 
artificial seawater lake. The study found no significant differences in PFOS and 
∑5PFCA between little egret (a large wading bird), little ringed plover (a small 
shorebird), and parrot bill (a small songbird-like bird) eggs.  
Data from controlled studies indicate approximately equivalent accumulation 
efficiency in adult quails (a game bird) and mallards (a duck) 9. Domestically 
reared adult birds from both species and sexes were exposed to the same PFOS 
levels via diet. Adult livers and serum were found to contain similar PFOS levels 
at the completion of exposure; larger differences were apparent between sexes of 
the same species than between different species. Egg yolk and 14-day old juvenile 
liver and serum also displayed comparable PFOS levels between both species, 
without the stark differences between sexes.   
Roscales et al. 2019 compared PFAS levels in seabird serum from multiple 
habitats in or adjacent to the Southern Ocean11. Two species were sampled within 
three colonies across different latitudes and ocean basins. Measurements show 
larger differences between the same species at different locations, compared to 
observed differences between different species at the same colony (Roscales et al. 
2019, Table 1). This suggests location-based exposure factors, like proximity to 
PFAS sources or prey PFAS levels, are the primary determinant of PFAS in 




Beyond avifauna, we note that data from marine mammals suggests taxa with 
a shared phylogeny conserve cellular and tissue machinery driving internal 
kinetics of PFAS. For example, evidence in marine mammals demonstrates 
conservation of metabolic pathways at the family level rather than the species 
level; data to date suggests all odontocete cetaceans are unable to efficiently 
metabolize FOSA 12–16.  
Species-specific toxicokinetic processes and rates are certainly possible and 
have been demonstrated across contrasting mammal species like rats and 
humans17. However, based on the available data showing similar tissue residues in 
seabirds and other types of birds subject to similar PFAS exposures, we suggest 
further data is required to rigorously support the claim of significantly different 
accumulation, metabolism, or elimination pathways or rates at a species level in 
similar birds.  The data we have on hand suggests comparisons across multiple 
species are acceptable, and any major differences in PFAS levels are due to 
dietary and habitat factors. We highlight this as an important research gap 
considering the utility of birds as ecosystem sentinels.  
b) Ontogenetic and diet differences that confound comparison between 
species 
As the above evidence suggests, habitat-related exposure and dietary choices 
likely drive PFAS levels more than major innate differences in toxicokinetics 
between seabird species. We assert that the birds included in our study are 
roughly comparable in diet, all feeding primarily on forage fish and invertebrates 




Brevoortia tyrannus, a key forage fish found along the US Atlantic seaboard from 
Florida to Nova Scotia. All species are plungers and opportunists rather than 
pursuit divers. This broad similarity in trophic strategy and position allows our 
study to highlight and compare differences in PFAS levels due to habitat-driven 
factors like human inputs and proximity to production sources.  
Age 
Our study focused on how each habitat/lifestyle contributes PFAS to an 
associated sentinel predator, and by sampling juveniles and chicks we avoid life 
history complications associated with older birds to focus on this question. While 
chick and juvenile stages are distinct in many ways, we do not believe the 
differences in these life stages significantly compromise PFAS measurements in 
our study due to the influence of maternal offloading, and the long half-life of 
PFAS.  
a) Both chick and juvenile birds primarily reflect maternal offloading 
PFAS are very persistent in the environment and in biota. PFAS transferred 
from mother to offspring do not readily dissipate over the first few months of 
development. The lengthy plasma half-life of PFOS in birds (231 days) means 
that both chicks (~14 – 56 days old) and juveniles (~140 – 170 days old) within 
this study retain and reflect the influence of maternal offloading in liver 
measurements18. Short-term exposure trials in juvenile quail and mallard suggest 
the liver half-life of PFOS is roughly 2.5 times that of the serum half-life. Using 
the plasma half-life derived in Tarazona et al. 2015, this equates to an estimated 




PFAS via biliary excretion has been demonstrated to be very slow (~1% of 
supplied dose)19, and liver metabolism of most PFAAs is thought to negligible. 
Therefore we reiterate that all individuals of all ages used in this study primarily 
reflect the influence of maternal offloading. A longer duration of self-feeding by 
Great shearwaters is unlikely to offset or surpass the PFAS burden received in 
ovo; a study examining prey fish concentrations compared to egg and juvenile 
liver concentrations in guillemots suggested maternal offloading exposure 
drastically exceeded dietary inputs20. Measurement of shearwater prey (sand 
lance) from Massachusetts Bay points to similar, low levels of PFAS exposure 
from offshore prey (∑12PFAAs: ~1 – 8 ng/g whole body, wet weight) (Robuck, 
unpublished data). We also point to seabird literature that suggests adults of these 
species provision their young with the same or similar species that they 
themselves consume, meaning the dietary additions provided to chicks were 
similar or identical to those prey items that contributed to PFAS burdens in 
mothers prior to maternal offloading (Table S2).  
The duration of dietary exposure was longer for the older juveniles, who had 
been self-feeding for several months. More importantly, these birds also had a 
longer growth period, causing growth dilution of maternally offloaded PFAS in 
liver.  
b) There is no evidence that specific cellular and tissue machinery known to 
drive PFAS accumulation differ with age.  
PFAS accumulation is driven by associations with specific proteins in liver 




23. We are not aware of any data demonstrating age-based differences in the 
protein structures or binding efficiency of liver fatty acid binding protein and 
albumin, the two primary proteins identified to drive PFAS accumulation in liver 
and blood. Rather, data from in ovo studies demonstrates the ability of developing 
embryos to readily accumulate PFAS in liver, at levels on par with or exceeding 
maternal liver concentrations9. Data from in utero exposure studies in mice 
reiterate the same24. Current, albeit limited, data suggest no appreciable changes 
in bulk liver phospholipid levels over chick development25, though rapid changes 
in storage lipid content occur across all tissues during chick development 26. Our 
data in Figure 4 reiterates this – chicks from Narragansett Bay had phospholipid 
levels similar to older Great Shearwater juveniles (possibly due to similar PFOS 
levels) compared to chicks from the CFRE of the same age and from the same 
family. Elimination rates have been shown to be sex-dependent, but no data exist 
describing age-specific elimination differences in birds9,18,27. Specific mechanisms 
of PFAS uptake may change on a bulk level with tissue growth as more tissue is 
available to interact with PFAS, but we believe this would not be apparent in our 
measurements normalized to ng PFAS/g tissue basis. More importantly, the 
maternally offloaded burden of PFAS would be diluted with tissue growth. 
Overall, more research is needed to explore changes in PFAS uptake with age, but 
data to date do not indicate substantial changes in tissue components driving 
bioaccumulation of PFAS.  




PFAS are not stored in fat akin to legacy persistent organic pollutants like 
polychlorinated biphenyls or DDT28–31, meaning the rapid development of adipose 
fat stores in juveniles that may impact hydrophobic pollutant levels is not likely to 
impact organ levels of PFAS in chicks or juveniles.  
d) PFAS demonstrate an inverse relationship with age  
Current literature suggests PFAS do not display the same positive 
relationships between age like some legacy POPs32. Data from several taxa 
indicate PFAS are significantly higher in juveniles compared to adults 33–37. 
Possible explanatory mechanisms for this negative relationship include the 
influence of maternal offloading combined with the long tissue half-lives of many 
PFAS, or growth-mediated biodilution. Research examining PFAS in maternal 
liver, egg, and chick liver have found the highest PFAS levels in egg, with 
subsequent chick liver containing PFOS on par with or higher than the mother’s 
liver9,20. This suggests that like other wildlife taxa, seabirds also display a 
negative relationship between PFAS and age. By measuring young birds, we are 
likely measuring the highest concentrations experienced by these individuals 
throughout their lifetimes, during a critical development window. 
e) Juveniles are not impacted by reproductive cycles which confound 
measurements in adults.  
Seabirds have been shown to offload significant concentrations of PFAS in 
eggs28,29,38.  
f) Using juvenile or immature dead seabirds allows measurement of 




Most adult seabirds (including all species included in this study) can’t be 
aged or sexed by plumage or morphometric characteristics after their first year of 
age.  
g) Juveniles demonstrate some of the most predictable ties to a given 
foraging habitat, helping to constrain dietary and habitat influences on 
PFAS levels.  
For chicks, this is caused by parents engaging in central-place foraging, 
meaning the adults find food for their chicks within a region adjacent to the 
nesting colony to facilitate continuous provisioning of chicks. For the Great 
Shearwater juveniles which were self-feeding, multiple years of tracking data 
suggest hatch year birds forage in a predictable home range across Massachusetts 
Bay, the Great South Channel off Cape Cod, and Georges Bank while adults may 





Figure S2.1. Map of the US Atlantic East Coast. Insets provide further detail 
about collection locations of from each habitat. Great shearwaters were collected 
as bycatch in Massachusetts Bay and off Cape Cod, designated as NOAA 
Fisheries Stat Areas 514 and 521. Stellwagen Bank National Marine Sanctuary, a 
key foraging area for Great Shearwaters, is outlined in white and indicated as 
“SB” in the top right inset. Herring Gull chicks came from nests located in 
Narragansett, RI and Newport, RI. The bottom inset shows the Cape Fear River 
and Estuary system, located in southeastern NC. A Chemours facility is located 
near Fayetteville, NC, designated on the map as a white star. The red box 
indicates the lower river and estuary portion of the system; CFRE chicks were 
hatched on dredge islands near the mouth of the estuary.  
 
 
Sample condition, cause of death, and necropsy  
Great Shearwaters and Herring Gulls were freshly or very recently dead, and 
frozen immediately with no decomposition apparent.  
The procurement of tissues from juvenile Great Shearwaters caught via 
fishing bycatch is extremely unlikely to impact liver integrity. Juvenile Great 




apparent in some bycatch seabirds (indicative of drowning), but there was no 
evidence of seawater intrusion into the coelomic cavity housing the liver, and no 
perforations or damage to any other internal organs beyond lung hemorrhaging. 
As such we consider bycatch birds as excellent sample specimens, in good 
condition with no apparent liver degradation or trauma.  
Tern, Laughing Gull, and Brown Pelican chicks were recently deceased; 
chicks spent a maximum of 24-48 hours exposed to the elements prior to 
collection due to the colony monitoring schedule. Some decomposition was 
apparent externally on a few individuals. This decomposition was entirely 
external, apparent via reduced eye integrity, mouth mucus membrane color, and 
skin pallor. No CFRE individuals displayed evidence of scavenging or substantial 
autolysis internally.  
Phosphotidylcholines, the primary type of phospholipid measured with our 
bulk assay, have demonstrated stability up to 48 hours after death at 24.1 C, 50% 
humidity, and atmospheric pressure, suggesting the lipid measurements from 
CFRE chicks produced within our study are likely free from majorly 
compromising impacts related to post-death putrefaction, autolysis, or pH 
diminution41,42.  
Massachusetts and Narragansett Bay birds were otherwise healthy birds that 
met unfortunate ends. Narragansett Bay birds fell from their nests and broke one 
or more limbs, while Massachusetts Bay birds drowned or were strangled in 
fishing nets. There was no indication of other health problems impacting these 




Cape Fear birds died due to mostly uncertain causes – predation was not the 
cause of death because all deceased individuals were collected intact. Colony 
monitoring data from multiple locations suggests nest abandonment as the most 
common cause of chick death. Seabirds such as terns and pelicans are very 
sensitive to disturbance. They will readily abandon a nest due to human, predator, 
or insect disturbance 43–46– the chick would then die of dehydration or cold stress. 
Chicks may also die from tidal flooding or starvation. Chilling, dehydration, and 
tidal flooding are unlikely to impact contaminant levels in chick livers. PFAS are 
minimally stored in fat, therefore any starvation-induced use of fat stores is 
unlikely to release PFAS to liver and overall circulation, should starvation have 
been the cause of death for any of these birds. No widespread starvation event 
was apparent in the CFRE region in 2017, making this final potential cause of 
death somewhat unlikely. 
All birds were frozen following collection and tissues sampled within two 
months. Species identification was corroborated by both specimen collector and 
necropsy prosector. Each seabird individual was partially thawed and necropsied 
according to standard protocol, documenting morphometric features, organ 
weights, overall body condition, sex, and stomach contents after van Franeker 
200447. Birds were sexed if gonads were visually identifiable, and aged using 
morphometric, gonad, and bursa characteristics along with nest observations. 
Multiple tissues including liver were collected from each bird, and all tissue 
samples were wrapped in solvent-cleaned aluminum foil, stored in polyethylene 




locations, bird morphometric data, age, sex, and sample condition can be found in 
Table S3.  
Sample preparation for UPLC-MS/MS 
A modified extraction procedure was developed to maximize sample 
throughput while minimizing matrix effects and extraction losses, incorporating 
steps employed in several previously published extraction protocols 28,48–50. A 
tissue aliquot was weighed into a polypropylene tube and 4ml of methanol added, 
followed by 10 ng of isotopically labeled PFAS surrogate mix (1ng/µL). Samples 
were vortexed for 30 seconds, and allowed to equilibrate for 30 minutes. Samples 
were again vortexed for 30 seconds, sonicated for 20 minutes, and centrifuged at 
4,000 rpm for ten minutes. The resulting supernatant was decanted into a fresh 
polypropylene tube, and the extraction procedure repeated with 4 mL of 2 mM 
ammonium acetate in methanol. The extract was frozen at -15C for at least four 
hours to encourage precipitation of additional biological material and then 
centrifuged for three minutes under refrigeration, directly followed by decanting 
the supernatant for clean-up.  
The combined extract was cleaned up using Supelclean ENVI-Carb 
cartridges (2g, 12 mL, 100−400 mesh, Supelco, U.S.A.).  The cartridges were 
cleaned with 8 mL methanol prior to sample introduction. After sample clean-up, 
each cartridge was rinsed with 2 mL of methanol. Clean-up was repeated if the 
final extract contained any hint of color. The extracts were dried to 250 ul at 32°C 
under 5-7 psi N2, and reconstituted to 1 mL using 2mM ammonium acetate in 




The 1 mL extracts were centrifuged at 10,000 rpm for fifteen minutes at 5°C  to 
remove any remaining tissue residues; the final extract minus any pellet solids 
was transferred to an autosampler vial in preparation for instrumental analysis.  
UPLC-MS/MS analysis 
40 µl of sample extract was injected, and chromatographic separation 
achieved using a 50 mm BEH C-18 column interfaced to a Waters Acquity 
UPLC. The mobile phase was made up of methanol and HPLC-grade water 
modified with 2mM ammonium acetate, made fresh before each run. The applied 
gradient is detailed in Table S10, the flow rate was set at 0.4ml/min, and column 
temperature set at 45°C.  
Detection of PFAS was carried out using UPLC-MS/MS in negative 
electrospray ionization mode.  Multiple reaction monitoring (MRM) was 
employed, monitoring two transitions for each compound as available, detailed in 
Table S7 and S9. Desolvation temperature was set at 400°C, desolvation gas flow 
at 600 L/hr, source temperature was set at 150°C, and cone gas flow set at 30°C. 
Optimal transitions and analyte-specific energies were generated using Intellistart 
software in combination with manually performed direct infusion experiments.  
Quantitation was carried out using an isotope-dilution approach; those 
analytes lacking a matched mass-labelled standard were quantified using a mass-
labelled surrogate of similar molecular weight and retention time (Table S7).  
Sample preparation for HRMS 
A tissue aliquot was diluted with three parts water and homogenized to a 




and vortexed for 30 seconds. The denatured extract was further diluted 5:1 with 
cold acetonitrile and centrifuged for 5 min at 10000 rpm. An aliquot of the 
supernatant was removed and combined with dilute ammonium formate buffer 
(2.5mM) to obtain a final sample extract ratio of 3 parts aqueous: 1 part organic 
extract.  
HRMS analysis 
100 ul of sample was injected, and chromatographic separation achieved 
using a Vanquish UPLC system equipped with an Accucore 100 mm reverse-
phase C18 column, at a flow rate of 300 ul/min. Mobile phase constituents 
included Solvent A (95:5 water: acetonitrile) and Solvent B (95:5 
acetonitrile:water). Mobile phase gradient is detailed in Table S11. Nafion 
byproduct 2 (Nafion BP2, or 2-[1-[difluoro(1,2,2,2-tetrafluoroethoxy)methyl]-
1,2,2,2-tetrafluoroethoxy]-1,1,2,2-tetrafluoro-ethanesulfonic acid) and 
PFO5DoDA (2,2,4,4,6,6,8,8,10,10,12,12,12-Tridecafluoro-3,5,7,9,11-
pentaoxadodecanoic acid) were identified with authentic native standards, while 
PFO4DA (perfluoro-3,5,7,9-tetraoxadecanoic acid), PFMA (2,3,3,3-tetrafluoro-2-
(trifluoromethoxy)-propanoic acid), PFO2HxA (perfluoro-3,5-dioxahexanoic 
acid), PEPA (Perfluoro-2-ethoxypropanoic acid), PFO3OA (Perfluoro(3,5,7-
trioxaoctanoic) acid),  NVHOS (1,1,2,2-tetrafluoro-2-(1,2,2,2-tetrafluoro- 
ethoxy)ethane sulfonic acid), Nafion byproduct 4 (2,2,3,3,4,5,5,5-4-(1,1,2,2-
tetrafluoro-2- sulfoethoxy) pentanoic acid), Nafion byproduct 1 (2-[1-
[difluoro[(1,2,2-trifluoroethenyl)oxy]methyl]-1,2,2,2-tetrafluoroethoxy]-1,1,2,2-




ethylcyclohexanesulfonate) were detected using previous accurate mass 
assessment information. PFAS were detected using a Thermo Orbitrap Fusion 
mass spectrometer using heated electrospray ionization in negative mode (Thermo 
Fisher Scientific, Waltham, MA, USA). Full scan accurate mass spectra were 
acquired from 70 to 700 Da with a resolving power of 120,000 Rs for MS1 and at 
30,000 Rs for MS2, and a mass accuracy of ±5 ppm. Data-dependent acquisition 
was carried out to acquire MS/MS of select features at a resolving power of 
30000. The ion transfer tube was set at 250°C and vaporizer temp set at 30 °C. 
Interference from the tissue matrix prevented the use of the Fusion internal lock 
mass in this experimental method. Data acquisition and analysis was performed 
using Xcalibur and Compound Discoverer software (Thermo Fisher Scientific, 
Waltham, MA, USA).  
Quality Assurance and Quality Control 
Six-point, processed and matrix-matched calibration curves were prepared, 
one for each extraction method. Curve preparation entailed taking multiple 
aliquots of liver tissue (from the same batch of slurried tissue) through each 
extraction in its entirety. The matrix-matched approach is key to account for the 
influence or interference of biological co-eluents on PFAS response and derived 
concentrations50,51.  
The UPLC-MS/MS curve points were spiked directly before instrumental 
analysis with appropriate levels of native and mass-labelled standard, ranging 
from 0.25-100 ng/ml. The HRMS curve points were spiked before extraction, and 




ranged from 0.05 -10 ng/400µl. The curves were used for quantification of 
samples prepared with the corresponding extraction method. Organic chicken 
liver, demonstrated to contain low concentrations of targeted PFAS, was used as 
the curve matrix. PFOS was consistently found in organic chicken liver samples, 
and thus the curve was corrected for background levels of PFOS by subtracting 
the average of measured background samples (n = 6) from PFOS responses 
measured in curve point samples. All calibration curves used for quantitation 
demonstrated an R2 ≥ 0.98, with most demonstrating an R2 ≥ 0.99.  
During targeted analysis via UPLC-MS/MS, process blanks were prepared 
and analyzed with every 10 samples and found to be free of significant 
contamination; sample concentrations were not blank corrected as a result. Each 
sample was injected in duplicate, and duplicate injections monitored for stability. 
Mobile phase blanks (3:1 aqueous:organic) were analyzed between duplicate 
sample injections to monitor for analyte carryover or contamination.  
Five samples consisting of chicken liver spiked with 2 ng of all native 
compounds were also prepared and used to calculate accuracy and precision 
metrics for UPLC-MS/MS. Accuracy ranged from 18-154% with a mean 
accuracy of 92%. Precision, calculated as percent relative standard deviation (% 
RSD), ranged from 7 – 150 %, with a mean % RSD of 28% (Table S13). 
Precision and accuracy were particularly variable for neutral sulfonamide acetic 
acids, those compounds lacking an identical mass-labelled surrogate like PFDS, 




Although the matrix-matched curves account for matrix effects in 
quantitation efforts, matrix effects were calculated for illustrative purposes 
following methods described by Chambers et al. 200851. Matrix calculations 
indicated variable enhancement or suppression of each analyte, with an average 




Method detection limits for UPLC-MS/MS ranged from 0.5 – 4.1 ng/ml 
based on spiked replicate samples multiplied by the Student’s t-value appropriate 
for a single-tailed 99th percentile (Table S15). Method recovery ranged from 14 -
112%, with a mean recovery of 61% across all compounds (Table S6). 
 
Equation 2:  
 
During HRMS analysis, duplicate process blanks using formic acid and 
acetonitrile were prepared daily with each sample set, for a total of 8 process 
blanks. Process blanks were used to identify contamination introduced via sample 
preparation and instrument background signal. Mobile phase blanks were injected 
between different types of samples to monitor instrumental background noise and 
any carryover between samples. No contamination of emerging PFAS was 




high levels of instrumental background noise as displayed in instrumental blanks 
and process blanks. No significant background noise was apparent for Nafion 
BP2, PFO5DoDA, or PFO4DA, the three PFEAs of interest reported here using 
HRMS analysis (Table S12). Method recoveries for HRMS were not tracked; 
each curve point sample was spiked with appropriate levels of native and internal 
standard and then taken through the extraction to create a recovery-corrected 
curve for quantification. Samples were analyzed in four batches, and curve 
stability monitored between runs. Curve responses at all levels varied less than 
4% across all four runs for the three PFEAs reported using HRMS measurements 
in this analysis.  
Quantification of emerging compounds via HRMS was limited to those 
samples above the linear range of the calibration curve; the lower detection limit 
was determined by comparison to blank values plus three times the standard 
deviation of blank responses (Table S12). Reporting of emerging compounds 
below the curve range or those without authentic standards is limited to raw 
abundances in comparison to process and instrumental blank values (Table S16).  
PFOS concentrations measured via both HRMS and UPLC-MS/MS were 
compared for parity, and were generally found to be within 30% of UPLC-
MS/MS results and all were within an order of magnitude. UPLC-MS/MS results 
were considered more precise due to lower levels of instrumental background 
noise along with higher levels of QA/QC and were therefore used for comparison 
and statistical analyses for all compounds excepting Nafion BP2 and PFO5DoDA. 




Liver and muscle of seabird chicks were lyophilized, and ground to fineness 
using a mortar and pestle. 2-3 mg of tissue was weighed out into tin capsules for 
carbon and nitrogen stable isotope analysis, while 3-5 mg of muscle tissue were 
weighed out for sulfur isotope analysis.  
Weighed samples were measured via IR-MS analysis, and results interpreted 
as parts per thousand relative to appropriate references. ẟ15N and ẟ13C were 
measured using an Isoprime 100 Isotope Ratio Mass Spectrometer coupled to a 
Micro Vario Elemental Analyzer (Elementar Americas, Mt.Laurel, NJ). ẟ34S was 
measured by UC Davis Stable Isotope Laboratory using an Elementar Vario 
ISOTOPE cube interfaced to a SerCon 20-22 IRMS (Sercon Ltd., Cheshire, UK). 
The nitrogen (ẟ15N  ) isotope composition was expressed as a part per 
thousand deviation (‰ ) from air. Carbon (ẟ13C ) isotope composition was 
expressed relative to Vienna Pee Dee Belemnite where ẟX = [(Rsample − 
Rstandard)/Rstandard] × 103, where X is ẟ15N   or ẟ13C, and R is the ratio of heavy to 
light isotope (15N: 14N, 13C: 12C). Duplicates were analyzed every 10 samples, 
and a blue mussel reference material every 15 samples to ensure measurement 
quality. 
Phospholipid analysis 
50 mg of liver was homogenized at 4ºC in 1 ml phosphate-buffered saline 
using a Beadruptor Elite bead mill homogenizer from Omni International. An 
aliquot of the homogenate was transferred to a 15ml polypropylene tube, and 3.75 
ml of chloroform:methanol (2:1, v/v) was added. The solution was vortexed, and 




extract was then centrifuged at 3000 rpm for 5 min at room temperature, and the 
organic layer decanted into a pre-weighed glass vial. The organic extract was 
allowed to evaporate in a fume hood overnight, and the remaining lipid residue 
was then weighed to ascertain total lipid content. The residue was then re-
suspended in 200 µl of 1% Triton X-100 in 100% ethanol and shaken well for at 
least two hours. 20 µl of the extract was then pipetted into a 96-well plate, 
inoculated with phospholipid kit working reagent, and assessed colorimetrically 
using a Spectramax M2 Multi-Mode microplate reader for phospholipid content 
via comparison to a 4-point curve containing 0-200 µM phosphatidylcholine52.  
More detail about stable isotope values and relationships 
There is limited fine-scale comparability between stable isotope 
measurements between habitats included in this study, due to the species and food 
web specific nature of isotope fractionation factors, alongside inevitable and stark 
differences in isotopic composition at the base of each food web. As a result, here 
we focus on associations between PFAS concentrations and stable isotope 
measurements within each habitat, rather than considering isotope ratios across 
the sample set as a whole. Likewise, we apply previously described trophic level 
calculations to measurements within each habitat for illustrative purposes, noting 
that bulk trophic level calculations uncoupled from food-web specific data lack 
fine-scale insight.  
Summary statistics associated with stable isotope analysis (SIA) of each 
tissue are presented in Table S20; a three-dimensional presentation of all SIA data 




Herring Gulls from Narragansett Bay evidenced the widest range of ẟ15N, 
while Shearwaters from Massachusetts Bay displayed the least variability in ẟ15N 
(Table S21). Derived trophic level estimates reflected the same patterns of 
variability, with all birds evidencing an estimated trophic level between 3.24 – 
4.59 based on liver ẟ15N (Table S20, S21). Trophic level estimates assumed a 
calanoid copepod primary consumer, a realistic assumption for all habitats. ẟ15N 
values and calculated trophic level were not significantly associated with 
concentrations of most individual PFAS or ∑19PFAS in each habitat. PFOS and 
∑19PFAS were positively associated with ẟ15N only in Massachusetts Bay 
individuals (Table S23). The lack of more significant associations with ẟ15N may 
be related to similar trophic strategies and prey items utilized by birds included in 
this study, resulting in a limited range of ẟ15N (Tables S21, S23). The lack of 
association likely also relates to the unique partitioning and accumulation 
pathways governing PFAS distribution in biota compared to legacy POPs 11,53.  
Muscle ẟ34S was also compared to concentrations of individual PFAS and 
∑PFAS. Muscle ẟ34S was only associated with PFUnDA in Narra. Bay 
individuals; no other statistically significant or observationally notable 
associations were present between ẟ34S and PFAS concentrations. This 
association may be driven by variable coastal vs inland foraging strategies in 
herring gulls from Narra. Bay, coupled to the significance of PFUnDA as a PFAS 
common in marine food webs.  
ẟ13C and PFAS concentrations were most notably associated in birds from 




likely a function of the marine and estuarine foraging habits of species included in 
this study, coupled to the local geomorphology of the CFRE system. Seabird 
parents foraging in the CFRE or in the adjacent coastal plume likely obtained 
resources comparatively enriched in ẟ13C due to the abundance of Sporobolus 
alterniflora marshes in the CFRE lower estuary. These marshes make up a 
substantial portion of the undeveloped land area of the lower estuary and serve as 
habitat and nursery area for ecologically and commercially important fish and 
invertebrates54,55. Sporobolus alterniflora typically reflects an enriched  ẟ13C 
value of -13.6‰56, compared to more depleted ẟ13C ratios observed in offshore 
food webs based on particulate organic matter and phytoplankton (-20‰ to -
26‰57,58) (Fig. S6).  Sporobolus alterniflora marshes inhabit geomorphically 
protected inshore lagoon and barrier island environments in the CFRE, and were 
physically closer to upstream PFAS sources.  Therefore, they were subject to less 
open-water dilution, likely increasing PFAS exposure potential for prey and 
predators reliant on these marsh systems. Surface water studies support this 
hypothesis, with predictable inverse relationships between salinity and surface 
water ∑PFAS apparent in estuarine59, coastal shelf, and slope60 environments.  
This suggests an increased potential for PFAS exposure in terrestrially-influenced 
environments like estuaries or brackish marshes. CFRE seabird parents also likely 
had an incentive to forage as close as possible to estuarine nesting colonies to 
conserve energy, further encouraging reliance on marsh and estuary resources. 
Seabird parents utilizing more offshore, marine systems for chick provisioning 




obtaining larger prey with decreased PFAS levels and a more depleted ẟ13C 
signature.  
Bioaccumulation factors 
Liver-water bioaccumulation factors (BAFs) were calculated by dividing 
liver geometric mean PFAS levels by measured or estimated surface water 
concentrations adjacent to nesting or collection locations, followed by log 
transformation. Water values for Massachusetts Bay and Narragansett Bay were 
derived from unpublished data from the Lohmann lab, while surface water 
estimates for the CFRE were estimated using data inputs from Zhang et al. 2019, 
assuming a conservation of mass dilution approach and estimating salinity near 
the collection site at M18 using salinity data from the Lower Cape Fear River 
Program (Tables S18-S19)61,62. 
BAFs reported here range from 0.5 – 3.7, with PFOS, PFNA, PFDA, 
PFO5DoDA, and Nafion BP2 displaying BAFs near or above 2 variably across 
the three habitats sampled in this study (Fig. S9). BAFs above 3.3 are considered 










Figure S2.2. Concentrations of PFUnDA by habitat. Habitat mean concentrations 
of PFUnDA presented as boxplots, with the dark line representing the median, 
box limits representing the first and third quartiles, whiskers denoting 1.5 times 
the interquartile range, and crosses denoting outliers. The points reflect measured 
observations contributing to the summary statistics presented by the boxplot. The 
asterisks indicate a statistically significant difference between habitat mean 
PFUnDA compared via the Wilcoxon rank sum test, using the CFRE group as the 
reference group. PFUnDA concentrations were displayed separately, as 
concentrations of this compound were significantly different between habitats and 
this was the second most abundant compound in many individuals. No toxicity 






Figure S2.3. Observed concentrations of PFOS versus concentrations of PFNA, 
PFDA, and PFUnDA in A) all individuals across three habitats, and B) in only 
individuals from Narragansett Bay and Massachusetts Bay with two outlier 







Figure S2.4.  Concentrations of C8 – C14 PFCAs as a function of PFDA 
measured via LC-MS/MS in A) all individuals across three habitats, and B) in 
only individuals from Narragansett Bay and Massachusetts Bay. Associations 
between PFCAs as approximated by linear regression slightly decrease without 
CFRE data included, likely due to the truncation of the data range as a result of 
more similar concentrations observed in habitats removed from point sources and 









Figure S2.5. Observed concentrations of emerging PFEAs versus legacy PFAS in 
CFRE chicks with A) displaying concentrations of PFDA vs PFEAs and other 
long-chain PFCAs, and B) displaying concentrations of PFOS vs PFEAs. PFCA 
and PFSA concentrations were measured via UPLC-MS/MS while PFEAs were 








Figure S2.6. ẟ15N vs concentrations of PFAS. Measured ẟ15N in seabird liver 
and muscle did not relate to concentrations of individual PFAS, or 19∑PFAS in 
seabird liver across any habitat. No correlation was found when the total sample 
set (n = 31) was assessed in the same way. Muscle ẟ15N ratios are presented here; 





Figure S2.7. ẟ13C vs concentrations of PFAS. Measured ẟ13C in seabird liver and 
muscle did not relate to concentrations of individual PFAS, or 19∑PFAS in 
seabird liver from Massachusetts Bay or Narragansett Bay. No correlation was 
found when the total sample set (n = 31) was assessed in the same way. PFDA, 
PFNA, PFOS, PFUnDA, and 19∑PFAS were moderately associated (p < 0.05) 
with ẟ13C ratios, only in CFRE chicks. See SI text for further discussion of this 
limited phenomenon. Muscle ẟ13C ratios are presented here; facet plots include 















Figure S2.9. Log BAFs for 10 compounds across three habitats. BAFs were 
calculated by dividing mean liver concentrations observed in each habitat by 













Figure S2.10. Chromatograms of Nafion BP2 in native standard and Great 
Shearwater liver. Extracted ion chromatogram (EIC) of Nafion BP2, [M-H] ion 
with m/z = 462.9326 ± 5ppm. The figure shows the authentic standard (top) 
compared to the EIC observed in a Great Shearwater liver from Massachusetts 
Bay (bottom). Nafion BP2 was identified in two Great Shearwater juveniles and 
one Herring Gull chick outside of the CFRE system. Positive identification of 
Nafion BP2 in these non-CFRE samples was confirmed by comparison to 
authentic standards, distinctive peak shape, accurate mass, in-source 
fragmentation patterns, MSn data when available, retention time, and sample 
preparation and analysis information. 
Standard 
1.0 ng 
GRSH Q 026 
Liver 
Positive confirmation based 
on: 
- Comparison to 
authentic standards 
- Distinctive peak 
shape 
- Retention time 




- Presence in multiple 
tissues of same 
organism 
- Presence in 
samples prepared 
and analyzed in 
different batches 
- System and 
samples 







Table S2.1. Table presenting all compounds assessed in this study, method of 
instrumental analysis applied, method used to report concentrations, 
quantification approach used based on availability of native standard, and 
summary of detections in liver extracts. Family designation based on Buck et al. 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table S2.2. Table containing relevant life history details of seabird species 
included in this study. Diet and life history sources include species profiles on the 
Cornell Lab of Ornithology All About Birds data portal -- 
https://www.allaboutbirds.org/guide/ -- and all references therein -- were 
referenced for diet information, in addition to personal communications from 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table S2.3. Table containing relevant morphometric and collection details 
describing each individual included in this study. "NE" designates "Not 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table S2.4. Table presenting details about all native analytes measured in this 















































































































































































































































































































































































































































































































































































































































































































































































































































































Table S2.5. Table presenting details about all native analytes measured in this 
study via LC-HRMS.  
 






acid PEPA C5HF9O3 267239-61-2 na MPFBA-13C4
Perfluoro-2-
methoxypropanoic acid PFMA C4HF7O3 13140-29-9 na MPFBA-13C4
Perfluoro-3,5-dioxahexanoic 
acid PFO2HxA C4HF7O4 39492-88-1 na MPFBA-13C4
Perfluoro(3,5,7-
trioxaoctanoic) acid PFO3OA C5HF9O5 39492-89-2 na M8PFOA-13C8
Perfluoro-3,5,7,9-
tetraoxadecanoic acid PFO4DA C6HF11O6 39492-90-5 100000 M8PFOA-13C8
Perfluoro(3,5,7,9,11-





























Table S2.6. LC-MS/MS Method recovery as a percentage,  following: % 























Arithmetic Mean % Recovery 61.2
Arithmetic Mean % Recovery - 
FOSA (outlier)
63.7
Arithmetic Mean % Recovery 
of PFCAs 66.2







Table S2.7. Table of targeted native analytes, associated instrument parameters, 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table S2.8. Table of target mass-labeled compounds, associated abbreviations, 

































































































Table S2.9. Table of target mass-labeled compounds, associated instrument 












Transition (Da) Dwell (s) Cone (V)
Collision 
(eV)
MPFBA-13C4 1.2 217 > 172 0.017 20 11 –– –– –– ––
M5PFPeA-13C5 2.6 268 > 223 0.007 20 11 –– –– –– ––
M3PFBS-13C3 3.6 302 > 80 0.006 40 55 302 > 99 0.006 40 33
M5PFHxA-13C5 4.3 318 > 273 0.005 20 10 318 > 119 0.005 20 22
M2-4:2-FTS-13C2 4.2 329 > 309 0.005 35 20 329 > 81 0.005 35 20
M4PFHpA-13C4 4.9 367 > 322 0.005 20 11 367 > 171 0.005 20 22
M3PFHxS-13C3 5 402 > 80 0.005 40 50 402 > 99 0.005 40 40
M8PFOA-13C8 5.5 421 > 376 0.005 20 11 421 > 171 0.005 20 22
421 > 223 0.005 20 22
M2-6:2-FTS-13C2 5.2 429 > 409 0.005 35 25 429 > 81 0.005 35 25
M9PFNA-13C9 5.8 472 > 427 0.005 20 11 472 > 423 0.005 20 22
472 > 171 0.005 20 22
M8FOSA 6.5 506 > 78 0.005 45 40 506 > 172 0.005 45 57
M8PFOS-13C8 5.4 507 > 80 0.005 40 60 507 > 99 0.005 40 50
M6PFDA-13C6 6.1 519 > 474 0.005 20 11 519 > 219 0.005 20 22
519 > 169 0.005 20 22
M2-8:2-FTS-13C2 5.9 529 > 509 0.005 40 30 529 > 81 0.005 40 30
M7PFUnDA-13C7 6.4 570 > 525 0.005 20 11 570 > 269 0.005 20 22
570 > 219 0.005 20 33
MeFOSAA-d3 6.1 573 > 419 0.005 28 28 573 > 515 0.005 28 28
573 > 483 0.005 28 28
EtFOSAA-d5 6.2 589 > 419 0.005 31 30 589 > 531 0.005 31 30
589 > 483 0.005 31 30
M2PFDoA-13C2 6.6 615 > 570 0.005 20 11 615 > 169 0.005 20 33
615 > 269 0.005 20 33









0 0.4 75 25 
0.5 0.4 75 25 
5 0.4 15 85 
5.1 0.4 5 95 
5.6 0.4 5 95 
7 0.4 5 95 
9 0.4 75 25 
 
Table S2.10. Table presenting mobile phase gradient ratios used during sample 












-3 0.3 80 20 
0 0.3 80 20 
0.5 0.3 80 20 
3 0.3 50 50 
3.5 0.3 50 50 
5.5 0.3 40 60 
6 0.3 40 60 
7 0.3 0 100 
11 0.3 0 100 
Table S2.11. Table presenting mobile phase gradient ratios used during sample 





Table S2.12. Raw abundances of instrumental and process blanks observed in 
HRMS analysis. Estimated MDLs are calculated as the mean process blank area 
plus three times the standard deviation. The estimated MDL for PFO4DA was 
calculated using instrumental blank values due to limited detection in process 
blanks, precluding calculation of standard deviation using process blank values. 
HFPO-DA was analyzed via both HRMS and LC-MS/MS, but high instrumental 
and process blanks values associated with HRMS prevented quantification of 
HFPO-DA using this technique. Detections of HFPO-DA reported in this study 
are derived from LC-MS/MS measurements. Quantification limits for HRMS 




Blank (n = 
64)




Blank (n = 8)
Std. Dev. of 
Process Blank
MDL (in raw 
abundance)
HFPO-DA 6,558 7,848 50,584 12,527 88,164
Nafion BP2 708 127 712 37 822
PFO4DA 881 275 803 NA 1,707





Table S2.13. Method accuracy and precision as relative standard deviation 
(RSD); both metrics were calculated using five spiked replicate samples 
consisting of organic chicken liver spiked with 2ng native stock and 10 ng of 




4:2 FTS 118.0 9.2 7.8
6:2 FTS 114.3 16.0 14.0
8:2-FTS 111.6 28.5 25.6
EtFOSAA 101.3 26.4 26.1
FOSA 92.2 56.4 61.1
HFPODA 102.2 12.7 12.4
N-
MeFOSAA 95.2 27.1 28.5
PFBA 154.0 10.8 7.0
PFBS 84.2 6.2 7.3
PFDA 101.8 16.2 15.9
PFDoA 89.1 28.8 32.3
PFDS 17.9 26.8 149.6
PFHpA 103.6 10.3 9.9
PFHpS 110.3 25.4 23.0
PFHxA 124.6 8.6 6.9
PFHxS 83.0 12.7 15.3
PFNA 93.1 6.4 6.9
PFNS 41.1 28.1 68.4
PFOA 99.3 7.7 7.8
PFOS 76.5 8.3 10.8
PFPeA 101.3 8.4 8.3
PFPeS 114.2 10.2 8.9
PFTeDA 67.4 20.3 30.1
PFTrDA 19.6 16.7 85.5






Table S2.14. Table presenting the degree of ion enhancement or suppression 
associated with matrix interference calculated using: % Matrix Effects=((Post 






















% Matrix Effects 






Table S2.15. Method reporting limits for LC-MS/MS analysis calculated using 
the standard deviation of spiked replicate samples multiplied by the Student’s t-
value appropriate for a single-tailed 99th percentile, according to: 〖MDL〗

































Table S2.16. Detection of PFEAs, based on compariston to estimated method 






CF10_G Nafion BP2 Detect
CF01_G Nafion BP2 Detect
CF02_G Nafion BP2 Detect
CF03_G Nafion BP2 Detect
CF04_G Nafion BP2 Detect
CF05_G Nafion BP2 Detect
CF06_G Nafion BP2 Detect
CF07_G Nafion BP2 Detect
CF08_G Nafion BP2 Detect
CF09_G Nafion BP2 Detect
CF11_G Nafion BP2 Detect
CF12_G Nafion BP2 Detect
GRSH_Q002_G Nafion BP2 Detect
GRSH_Q026_G Nafion BP2 Detect
HG_061_G Nafion BP2 Detect
HG_062_G Nafion BP2 Nondetect


























Table S2.17.  PFAS concentrations observed in this study. Responses not 
detected or outside the linear dynamic range of the curve were labeled as “nd” and 
assigned a value of zero. Observations below method detection limits but with 
clear signal, clear qualifier ions, and detected in at least 50% of samples in one 
habitat were replaced with the half the method detection limit for statistical 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table S2.18. Table providing surface water concentrations, mean liver 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table S2.19. Worksheet containing surface water measurements from Lock and 
Dam 1 in the CFRE derived from Zhang et al. 2019, and subsequent estimation of 
estuarine water concentrations based on conservation of mass and salinity data. 










































































































































































































































































































































































































































Table S2.20. Summary statistics describing stable isotope measurements of bird 
liver and muscle. Trophic levels were calculated following methods of Fisk et al. 












































































































































































































































































































































































































































































































Table S2.21. Measured 15N ratios alongside estimates of trophic level (TL), 
assuming a copepod primary consumer after Fisk et al. 2001. 
  
Sample Habitat N15 Liver (‰) Liver TL N15 Muscle (‰) Muscle TL
CF01 CFRE 13.31 3.84 12.62 3.66
CF02 CFRE 12.05 3.51 11.92 3.48
CF03 CFRE 14.86 4.25 13.75 3.96
CF04 CFRE 12.68 3.68 11.69 3.42
CF05 CFRE 13.82 3.98 12.90 3.74
CF06 CFRE 13.53 3.90 12.77 3.70
CF07 CFRE 13.39 3.87 12.39 3.60
CF09 CFRE 13.28 3.84 11.59 3.39
CF10 CFRE 14.21 4.08 12.94 3.75
CF11 CFRE 12.93 3.74 12.03 3.51
CF12 CFRE 13.72 3.95 13.70 3.95
GRSH P024 Mass. Bay 13.71 3.95 11.89 3.47
GRSH P026 Mass. Bay 13.11 3.79 11.43 3.35
GRSH Q002 Mass. Bay 14.01 4.03 11.79 3.44
GRSH Q011 Mass. Bay NA NA 12.75 3.70
GRSH Q013 Mass. Bay 13.34 3.85 12.33 3.59
GRSH Q014 Mass. Bay 13.76 3.96 12.54 3.64
GRSH Q026 Mass. Bay 14.53 4.17 12.60 3.66
GRSH Q028 Mass. Bay 14.05 4.04 12.26 3.57
GRSH Q031 Mass. Bay 14.23 4.09 12.78 3.71
GRSH Q033 Mass. Bay 13.42 3.87 12.61 3.66
HG 025 Narra. Bay 12.93 3.74 11.75 3.44
HG 034 Narra. Bay 14.32 4.11 13.76 3.96
HG 056 Narra. Bay 12.44 3.62 11.82 3.45
HG 057 Narra. Bay 16.10 4.58 14.51 4.16
HG 058 Narra. Bay 12.24 3.56 12.90 3.74
HG 059 Narra. Bay 10.99 3.24 10.86 3.20
HG 060 Narra. Bay 14.20 4.08 12.96 3.75
HG 061 Narra. Bay 15.51 4.42 13.81 3.98
HG 062 Narra. Bay 16.13 4.59 14.19 4.08
HG 063 Narra. Bay 14.67 4.20 11.80 3.45
Mean 13.72 3.95 12.57 3.65
GeoMean 13.67 3.94 12.54 3.64
SD 1.12 0.29 0.86 0.23
Min 10.99 3.24 10.86 3.20




Correlation Coefficient  Dancey & Reidy (2007) 
1 −1 Perfect 
0.9 −0.9 Strong 
0.8 −0.8 Strong 
0.7 −0.7 Strong 
0.6 −0.6 Moderate 
0.5 −0.5 Moderate 
0.4 −0.4 Moderate 
0.3 −0.3 Weak 
0.2 −0.2 Weak 
0.1 −0.1 Weak 
0 0 Zero 






Table S2.23. Results of  Spearman correlation analysis assessing relationships 
between each PFAS and stable isotope ratios. Statistically significant (p  0.05) 
relationships are highlighted in orange. Non-statistically significant relationships 




Habitat Compound SI Corr. Coeff. Estimate Statistic p.value Correlation method Alternative
CFRE Nafion BP2 δ15N Liver 0.218 172.000 0.521 Spearman's rank correlation rho two.sided
CFRE Nafion BP2 δ13C Liver 0.009 218.000 0.989 Spearman's rank correlation rho two.sided
CFRE Nafion BP2 δ15N Muscle 0.373 138.000 0.261 Spearman's rank correlation rho two.sided
CFRE Nafion BP2 δ13C Muscle -0.073 236.000 0.839 Spearman's rank correlation rho two.sided
CFRE Nafion BP2 δ34S -0.461 321.462 0.153 Spearman's rank correlation rho two.sided
CFRE Nafion BP2 δ15N Liver 0.624 62 0.0602 Spearman's rank correlation rho two.sided
CFRE Nafion BP2 δ13C Liver 0.624 62 0.0602 Spearman's rank correlation rho two.sided
CFRE Nafion BP3 δ15N Muscle 0.164 138 0.657 Spearman's rank correlation rho two.sided
CFRE Nafion BP4 δ13C Muscle 0.115 146 0.759 Spearman's rank correlation rho two.sided
Mass. Bay Nafion BP2 δ15N Liver 0.522 78.832 0.122 Spearman's rank correlation rho two.sided
Mass. Bay Nafion BP2 δ13C Liver 0.058 155.426 0.873 Spearman's rank correlation rho two.sided
Mass. Bay Nafion BP2 δ15N Muscle 0.174 136.277 0.631 Spearman's rank correlation rho two.sided
Mass. Bay Nafion BP2 δ13C Muscle -0.058 174.574 0.873 Spearman's rank correlation rho two.sided
Mass. Bay Nafion BP2 δ34S -0.414 233.273 0.235 Spearman's rank correlation rho two.sided
Narra. Bay Nafion BP2 δ15N Liver Spearman's rank correlation rho two.sided
Narra. Bay Nafion BP2 δ13C Liver Spearman's rank correlation rho two.sided
Narra. Bay Nafion BP2 δ15N Muscle Spearman's rank correlation rho two.sided
Narra. Bay Nafion BP2 δ13C Muscle Spearman's rank correlation rho two.sided
Narra. Bay Nafion BP2 δ34S Spearman's rank correlation rho two.sided
CFRE PFBA δ15N Liver 0.082 201.918 0.810 Spearman's rank correlation rho two.sided
CFRE PFBA δ13C Liver -0.301 286.302 0.368 Spearman's rank correlation rho two.sided
CFRE PFBA δ15N Muscle 0.219 171.780 0.517 Spearman's rank correlation rho two.sided
CFRE PFBA δ13C Muscle -0.361 299.362 0.276 Spearman's rank correlation rho two.sided
CFRE PFBA δ34S -0.273 280.046 0.417 Spearman's rank correlation rho two.sided
Mass. Bay PFBA δ15N Liver -0.115 184.000 0.759 Spearman's rank correlation rho two.sided
Mass. Bay PFBA δ13C Liver 0.564 72.000 0.096 Spearman's rank correlation rho two.sided
Mass. Bay PFBA δ15N Muscle 0.273 120.000 0.448 Spearman's rank correlation rho two.sided
Mass. Bay PFBA δ13C Muscle 0.115 146.000 0.759 Spearman's rank correlation rho two.sided
Mass. Bay PFBA δ34S -0.432 236.309 0.212 Spearman's rank correlation rho two.sided
Narra. Bay PFBA δ15N Liver 0.636 60.000 0.054 Spearman's rank correlation rho two.sided
Narra. Bay PFBA δ13C Liver 0.297 116.000 0.407 Spearman's rank correlation rho two.sided
Narra. Bay PFBA δ15N Muscle 0.442 92.000 0.204 Spearman's rank correlation rho two.sided
Narra. Bay PFBA δ13C Muscle 0.200 132.000 0.584 Spearman's rank correlation rho two.sided
Narra. Bay PFBA δ34S 0.152 140.000 0.682 Spearman's rank correlation rho two.sided
CFRE PFDA δ15N Liver -0.055 232.000 0.881 Spearman's rank correlation rho two.sided
CFRE PFDA δ13C Liver 0.691 68.000 0.023 Spearman's rank correlation rho two.sided
CFRE PFDA δ15N Muscle -0.091 240.000 0.797 Spearman's rank correlation rho two.sided
CFRE PFDA δ13C Muscle 0.727 60.000 0.015 Spearman's rank correlation rho two.sided
CFRE PFDA δ34S -0.219 268.220 0.517 Spearman's rank correlation rho two.sided
Mass. Bay PFDA δ15N Liver 0.505 81.747 0.137 Spearman's rank correlation rho two.sided
Mass. Bay PFDA δ13C Liver -0.632 269.317 0.050 Spearman's rank correlation rho two.sided
Mass. Bay PFDA δ15N Muscle 0.243 124.878 0.498 Spearman's rank correlation rho two.sided
Mass. Bay PFDA δ13C Muscle -0.511 249.256 0.132 Spearman's rank correlation rho two.sided
Mass. Bay PFDA δ34S 0.152 139.966 0.676 Spearman's rank correlation rho two.sided
Narra. Bay PFDA δ15N Liver 0.438 92.781 0.206 Spearman's rank correlation rho two.sided
Narra. Bay PFDA δ13C Liver 0.140 141.930 0.700 Spearman's rank correlation rho two.sided
Narra. Bay PFDA δ15N Muscle 0.207 130.896 0.567 Spearman's rank correlation rho two.sided
Narra. Bay PFDA δ13C Muscle -0.036 171.018 0.920 Spearman's rank correlation rho two.sided
Narra. Bay PFDA δ34S 0.486 84.756 0.154 Spearman's rank correlation rho two.sided
CFRE PFOA δ15N Liver 0.266 161.519 0.429 Spearman's rank correlation rho two.sided
CFRE PFOA δ13C Liver 0.555 97.909 0.076 Spearman's rank correlation rho two.sided
CFRE PFOA δ15N Muscle 0.154 186.143 0.651 Spearman's rank correlation rho two.sided
CFRE PFOA δ13C Muscle 0.518 106.116 0.103 Spearman's rank correlation rho two.sided
CFRE PFOA δ34S -0.002 220.515 0.995 Spearman's rank correlation rho two.sided
Mass. Bay PFOA δ15N Liver Spearman's rank correlation rho two.sided
Mass. Bay PFOA δ13C Liver Spearman's rank correlation rho two.sided
Mass. Bay PFOA δ15N Muscle Spearman's rank correlation rho two.sided
Mass. Bay PFOA δ13C Muscle Spearman's rank correlation rho two.sided
Mass. Bay PFOA δ34S Spearman's rank correlation rho two.sided
Narra. Bay PFOA δ15N Liver Spearman's rank correlation rho two.sided
Narra. Bay PFOA δ13C Liver Spearman's rank correlation rho two.sided
Narra. Bay PFOA δ15N Muscle Spearman's rank correlation rho two.sided
Narra. Bay PFOA δ13C Muscle Spearman's rank correlation rho two.sided
Narra. Bay PFOA δ34S Spearman's rank correlation rho two.sided
CFRE PFNA δ15N Liver -0.046 230.046 0.894 Spearman's rank correlation rho two.sided
CFRE PFNA δ13C Liver 0.630 81.368 0.038 Spearman's rank correlation rho two.sided
CFRE PFNA δ15N Muscle -0.100 242.101 0.769 Spearman's rank correlation rho two.sided
CFRE PFNA δ13C Muscle 0.639 79.359 0.034 Spearman's rank correlation rho two.sided
CFRE PFNA δ34S -0.222 268.945 0.511 Spearman's rank correlation rho two.sided
Mass. Bay PFNA δ15N Liver 0.565 71.717 0.089 Spearman's rank correlation rho two.sided
Mass. Bay PFNA δ13C Liver -0.578 260.289 0.080 Spearman's rank correlation rho two.sided
Mass. Bay PFNA δ15N Muscle -0.176 194.088 0.626 Spearman's rank correlation rho two.sided
Mass. Bay PFNA δ13C Muscle -0.055 174.027 0.881 Spearman's rank correlation rho two.sided
Mass. Bay PFNA δ34S 0.393 100.116 0.261 Spearman's rank correlation rho two.sided
Narra. Bay PFNA δ15N Liver -0.104 182.104 0.776 Spearman's rank correlation rho two.sided
Narra. Bay PFNA δ13C Liver 0.061 154.939 0.867 Spearman's rank correlation rho two.sided
Narra. Bay PFNA δ15N Muscle 0.085 150.914 0.815 Spearman's rank correlation rho two.sided
Narra. Bay PFNA δ13C Muscle 0.238 125.761 0.508 Spearman's rank correlation rho two.sided
Narra. Bay PFNA δ34S -0.018 168.018 0.960 Spearman's rank correlation rho two.sided
CFRE PFO5DoDA δ15N Liver 0.336 146.000 0.313 Spearman's rank correlation rho two.sided
CFRE PFO5DoDA δ13C Liver 0.091 200.000 0.797 Spearman's rank correlation rho two.sided
CFRE PFO5DoDA δ15N Muscle 0.555 98.000 0.082 Spearman's rank correlation rho two.sided
CFRE PFO5DoDA δ13C Muscle 0.236 168.000 0.485 Spearman's rank correlation rho two.sided
CFRE PFO5DoDA δ34S -0.484 326.485 0.131 Spearman's rank correlation rho two.sided
CFRE PFOS δ15N Liver -0.045 230.000 0.903 Spearman's rank correlation rho two.sided
CFRE PFOS δ13C Liver 0.718 62.000 0.017 Spearman's rank correlation rho two.sided
CFRE PFOS δ15N Muscle -0.136 250.000 0.694 Spearman's rank correlation rho two.sided
CFRE PFOS δ13C Muscle 0.727 60.000 0.015 Spearman's rank correlation rho two.sided
CFRE PFOS δ34S -0.183 260.183 0.591 Spearman's rank correlation rho two.sided
Mass. Bay PFOS δ15N Liver 0.600 66.000 0.073 Spearman's rank correlation rho two.sided
Mass. Bay PFOS δ13C Liver -0.188 196.000 0.608 Spearman's rank correlation rho two.sided
Mass. Bay PFOS δ15N Muscle 0.673 54.000 0.039 Spearman's rank correlation rho two.sided
Mass. Bay PFOS δ13C Muscle -0.564 258.000 0.096 Spearman's rank correlation rho two.sided
Mass. Bay PFOS δ34S 0.235 126.290 0.514 Spearman's rank correlation rho two.sided
Narra. Bay PFOS δ15N Liver -0.430 236.000 0.218 Spearman's rank correlation rho two.sided
Narra. Bay PFOS δ13C Liver -0.624 268.000 0.060 Spearman's rank correlation rho two.sided
Narra. Bay PFOS δ15N Muscle -0.564 258.000 0.096 Spearman's rank correlation rho two.sided
Narra. Bay PFOS δ13C Muscle -0.273 210.000 0.448 Spearman's rank correlation rho two.sided
Narra. Bay PFOS δ34S -0.527 252.000 0.123 Spearman's rank correlation rho two.sided
CFRE PFTrDA δ15N Liver -0.284 282.544 0.397 Spearman's rank correlation rho two.sided
CFRE PFTrDA δ13C Liver 0.369 138.925 0.265 Spearman's rank correlation rho two.sided
CFRE PFTrDA δ15N Muscle -0.400 308.024 0.223 Spearman's rank correlation rho two.sided
CFRE PFTrDA δ13C Muscle 0.284 157.456 0.397 Spearman's rank correlation rho two.sided
CFRE PFTrDA δ34S 0.148 187.422 0.664 Spearman's rank correlation rho two.sided
Mass. Bay PFTrDA δ15N Liver -0.226 202.341 0.530 Spearman's rank correlation rho two.sided
Mass. Bay PFTrDA δ13C Liver -0.404 231.608 0.247 Spearman's rank correlation rho two.sided
Mass. Bay PFTrDA δ15N Muscle 0.183 134.723 0.612 Spearman's rank correlation rho two.sided
Mass. Bay PFTrDA δ13C Muscle -0.636 269.959 0.048 Spearman's rank correlation rho two.sided
Mass. Bay PFTrDA δ34S 0.016 162.430 0.966 Spearman's rank correlation rho two.sided
Narra. Bay PFTrDA δ15N Liver 0.068 153.734 0.851 Spearman's rank correlation rho two.sided
Narra. Bay PFTrDA δ13C Liver -0.205 198.798 0.570 Spearman's rank correlation rho two.sided
Narra. Bay PFTrDA δ15N Muscle -0.082 178.519 0.822 Spearman's rank correlation rho two.sided
Narra. Bay PFTrDA δ13C Muscle 0.048 157.114 0.896 Spearman's rank correlation rho two.sided
Narra. Bay PFTrDA δ34S 0.068 153.734 0.851 Spearman's rank correlation rho two.sided
CFRE PFUnDA δ15N Liver 0.009 217.995 0.979 Spearman's rank correlation rho two.sided
CFRE PFUnDA δ13C Liver 0.706 64.647 0.015 Spearman's rank correlation rho two.sided
CFRE PFUnDA δ15N Muscle -0.146 252.073 0.669 Spearman's rank correlation rho two.sided
CFRE PFUnDA δ13C Muscle 0.729 59.635 0.011 Spearman's rank correlation rho two.sided
CFRE PFUnDA δ34S 0.092 199.863 0.789 Spearman's rank correlation rho two.sided
Mass. Bay PFUnDA δ15N Liver 0.498 82.750 0.143 Spearman's rank correlation rho two.sided
Mass. Bay PFUnDA δ13C Liver -0.395 230.198 0.258 Spearman's rank correlation rho two.sided
Mass. Bay PFUnDA δ15N Muscle 0.419 95.790 0.228 Spearman's rank correlation rho two.sided
Mass. Bay PFUnDA δ13C Muscle -0.468 242.234 0.172 Spearman's rank correlation rho two.sided
Mass. Bay PFUnDA δ34S 0.142 141.499 0.695 Spearman's rank correlation rho two.sided
Narra. Bay PFUnDA δ15N Liver 0.492 83.753 0.148 Spearman's rank correlation rho two.sided
Narra. Bay PFUnDA δ13C Liver 0.535 76.732 0.111 Spearman's rank correlation rho two.sided
Narra. Bay PFUnDA δ15N Muscle 0.584 68.708 0.077 Spearman's rank correlation rho two.sided
Narra. Bay PFUnDA δ13C Muscle 0.498 82.750 0.143 Spearman's rank correlation rho two.sided
Narra. Bay PFUnDA δ34S 0.693 50.653 0.026 Spearman's rank correlation rho two.sided
CFRE SumPFAS δ15N Liver -0.164 256.000 0.634 Spearman's rank correlation rho two.sided
CFRE SumPFAS δ13C Liver 0.618 84.000 0.048 Spearman's rank correlation rho two.sided
CFRE SumPFAS δ15N Muscle -0.200 264.000 0.558 Spearman's rank correlation rho two.sided
CFRE SumPFAS δ13C Muscle 0.545 100.000 0.087 Spearman's rank correlation rho two.sided
CFRE SumPFAS δ34S -0.338 294.339 0.309 Spearman's rank correlation rho two.sided
Mass. Bay SumPFAS δ15N Liver 0.438 92.781 0.206 Spearman's rank correlation rho two.sided
Mass. Bay SumPFAS δ13C Liver -0.213 200.107 0.555 Spearman's rank correlation rho two.sided
Mass. Bay SumPFAS δ15N Muscle 0.669 54.665 0.035 Spearman's rank correlation rho two.sided
Mass. Bay SumPFAS δ13C Muscle -0.626 268.314 0.053 Spearman's rank correlation rho two.sided
Mass. Bay SumPFAS δ34S -0.022 168.576 0.953 Spearman's rank correlation rho two.sided
Narra. Bay SumPFAS δ15N Liver 0.067 154.000 0.865 Spearman's rank correlation rho two.sided
Narra. Bay SumPFAS δ13C Liver -0.394 230.000 0.263 Spearman's rank correlation rho two.sided
Narra. Bay SumPFAS δ15N Muscle -0.224 202.000 0.537 Spearman's rank correlation rho two.sided
Narra. Bay SumPFAS δ13C Muscle -0.212 200.000 0.560 Spearman's rank correlation rho two.sided





(1)  Giesy, J. P.; Kannan, K. Global Distribution of Perfluorooctane Sulfonate 
in Wildlife Global Distribution of Perfluorooctane Sulfonate in Wildlife. Environ. 
Sci. Technol. 2001, 35 (March), 1339–1342. https://doi.org/10.1021/es001834k. 
(2)  Kannan, K.; Franson, J. C.; Bowerman, W. W.; Hansen, K. J.; Jones, P. 
D.; Giesy, J. P. Perfluorooctane Sulfonate in Fish-Eating Water Birds Including 
Bald Eagles and Albatrosses. Environ. Sci. Technol. 2001, 35 (15), 3065–3070. 
https://doi.org/10.1021/es001935i. 
(3)  Braune, B. M.; Letcher, R. J. Perfluorinated Sulfonate and Carboxylate 
Compounds in Eggs of Seabirds Breeding in the Canadian Arctic: Temporal 
Trends (1975-2011) and Interspecies Comparison. Environ. Sci. Technol. 2013, 
47 (1), 616–624. https://doi.org/10.1021/es303733d. 
(4)  Letcher, R. J.; Su, G.; Moore, J. N.; Williams, L. L.; Martin, P. A.; De 
Solla, S. R.; Bowerman, W. W.; Solla, S. R. De; Bowerman, W. W. 
Perfluorinated Sulfonate and Carboxylate Compounds and Precursors in Herring 
Gull Eggs from across the Laurentian Great Lakes of North America: Temporal 
and Recent Spatial Comparisons and Exposure Implications. Sci. Total Environ. 
2015, 538 (August), 468–477. https://doi.org/10.1016/j.scitotenv.2015.08.083. 
(5)  Miller, A.; Elliott, J. E.; Elliott, K. H.; Lee, S.; Cyr, F. Temporal Trends of 
Perfluoroalkyl Substances (PFAS) in Eggs of Coastal and Offshore Birds: 
Increasing PFAS Levels Associated with Offshore Bird Species Breeding on the 
Pacific Coast of Canada and Wintering near Asia. Environ. Toxicol. Chem. 2015, 
34 (8), 1799–1808. https://doi.org/10.1002/etc.2992. 
(6)  Miller, A.; Elliott, J. E.; Wilson, L. K.; Elliott, K. H.; Drouillard, K. G.; 
Verreault, J.; Lee, S.; Idrissi, A. Influence of Overwinter Distribution on 
Exposure to Persistent Organic Pollutants (POPs) in Seabirds, Ancient Murrelets 
(Synthliboramphus Antiquus), Breeding on the Pacific Coast of Canada. Environ. 
Pollut. 2019, 113842. https://doi.org/10.1016/j.envpol.2019.113842. 
(7)  Kannan, K.; Choi, J. W.; Iseki, N.; Senthilkumar, K.; Hoon, D.; 
Masunaga, S.; Giesy, J. P.; Kim, D. H.; Masunaga, S.; Giesy, J. P. Concentrations 
of Perfluorinated Acids in Livers of Birds from Japan and Korea. Chemosphere 
2002, 49 (3), 225–231. https://doi.org/10.1016/S0045-6535(02)00304-1. 
(8)  Lopez-Antia, A.; Dauwe, T.; Meyer, J.; Maes, K.; Bervoets, L.; Eens, M. 
High Levels of PFOS in Eggs of Three Bird Species in the Neighbourhood of a 





(9)  Newsted, J. L.; Coady, K. K.; Beach, S. A.; Butenhoff, J. L.; Gallagher, 
S.; Giesy, J. P. Effects of Perfluorooctane Sulfonate on Mallard and Northern 
Bobwhite Quail Exposed Chronically via the Diet. Environ. Toxicol. Pharmacol. 
2007, 23 (1), 1–9. https://doi.org/10.1016/j.etap.2006.04.008. 
(10)  Newsted, J. L.; Beach, S. A.; Gallagher, S. P.; Giesy, J. P. Acute and 
Chronic Effects of Perfluorobutane Sulfonate (PFBS) on the Mallard and 
Northern Bobwhite Quail. Arch. Environ. Contam. Toxicol. 2008, 54 (3), 535–
545. https://doi.org/10.1007/s00244-007-9039-8. 
(11)  Roscales, J. L.; Vicente, A.; Ryan, P. G.; González-Solís, J.; Jiménez, B. 
Spatial and Interspecies Heterogeneity in Concentrations of Perfluoroalkyl 
Substances (PFASs) in Seabirds of the Southern Ocean. Environ. Sci. Technol. 
2019, 53 (16), 9855–9865. https://doi.org/10.1021/acs.est.9b02677. 
(12)  Galatius, A.; Bossi, R.; Sonne, C.; Rigét, F. F.; Kinze, C. C.; Lockyer, C.; 
Teilmann, J.; Dietz, R. PFAS Profiles in Three North Sea Top Predators: 
Metabolic Differences among Species? Environ. Sci. Pollut. Res. 2013, 20 (11), 
8013–8020. https://doi.org/10.1007/s11356-013-1633-x. 
(13)  Letcher, R. J.; Chu, S.; McKinney, M. A.; Tomy, G. T.; Sonne, C.; Dietz, 
R. Comparative Hepatic in Vitro Depletion and Metabolite Formation of Major 
Perfluorooctane Sulfonate Precursors in Arctic Polar Bear, Beluga Whale, and 
Ringed Seal. Chemosphere 2014, 112, 225–231. 
https://doi.org/10.1016/j.chemosphere.2014.04.022. 
(14)  Dassuncao, C.; Hu, X. C.; Zhang, X.; Bossi, R.; Dam, M.; Mikkelsen, B.; 
Sunderland, E. M. Temporal Shifts in Poly- and Perfluoroalkyl Substances 
(PFASs) in North Atlantic Pilot Whales Indicate Large Contribution of 
Atmospheric Precursors. Environ. Sci. Technol. 2017, 51 (8), 4512–4521. 
https://doi.org/10.1021/acs.est.7b00293. 
(15)  Lynch, K. M.; Fair, P. A.; Houde, M.; Muir, D. C. G.; Kannan, K.; 
Bossart, G. D.; Bartell, S. M.; Gribble, M. O. Temporal Trends in Per- and 
Polyfluoroalkyl Substances in Bottlenose Dolphins (Tursiops Truncatus) of Indian 
River Lagoon, Florida and Charleston, South Carolina. Environ. Sci. Technol. 
2019, 53 (24), 14194–14203. https://doi.org/10.1021/acs.est.9b04585. 
(16)  Houde, M.; Wells, R. S.; Fair, P. A.; Bossart, G. D.; Hohn, A. A.; Rowles, 
T. K.; Sweeney, J. C.; Solomon, K. R.; Muir, D. C. G. Polyfluoroalkyl 
Compounds in Free-Ranging Bottlenose Dolphins (Tursiops Truncatus) from the 
Gulf of Mexico and the Atlantic Ocean. Environ. Sci. Technol. 2005, 39 (17), 
6591–6598. https://doi.org/10.1021/es0506556. 
(17)  Pizzurro, D. M.; Seeley, M.; Kerper, L. E.; Beck, B. D. Interspecies 




to Health-Based Criteria. Regul. Toxicol. Pharmacol. 2019, 106 (May), 239–250. 
https://doi.org/10.1016/j.yrtph.2019.05.008. 
(18)  Tarazona, J. V.; Rodríguez, C.; Alonso, E.; Sáez, M.; González, F.; San 
Andrés, M. D.; Jiménez, B.; San Andrés, M. I. Toxicokinetics of Perfluorooctane 
Sulfonate in Birds under Environmentally Realistic Exposure Conditions and 
Development of a Kinetic Predictive Model. Toxicol. Lett. 2015, 232 (2), 363–
368. https://doi.org/10.1016/j.toxlet.2014.11.022. 
(19)  Heuvel, J. P. V.; Kuslikis, B. I.; Van Rafelghem, M. J.; Peterson, R. E. 
Tissue Distribution, Metabolism, and Elimination of Perfluorooctanoic Acid in 
Male and Female Rats. J. Biochem. Toxicol. 1991, 6 (2), 83–92. 
https://doi.org/10.1002/jbt.2570060202. 
(20)  Holmström, K. E.; Berger, U. Tissue Distribution of Perfluorinated 
Surfactants in Common Guillemot (Uria Aalge) from the Baltic Sea. Environ. Sci. 
Technol. 2008, 42 (16), 5879–5884. https://doi.org/10.1021/es800529h. 
(21)  Armitage, J. M.; Arnot, J. A.; Wania, F. Potential Role of Phospholipids in 
Determining the Internal Tissue Distribution of Perfluoroalkyl Acids in Biota. 
Environ. Sci. Technol. 2012, 46 (22), 12285–12286. 
https://doi.org/10.1021/es304430r. 
(22)  Ng, C. A.; Hungerbühler, K. Bioaccumulation of Perfluorinated Alkyl 
Acids: Observations and Models. Environ. Sci. Technol. 2014, 48 (9), 4637–4648. 
https://doi.org/10.1021/es404008g. 
(23)  Ng, C. A.; Hungerbühler, K. Bioconcentration of Perfluorinated Alkyl 
Acids: How Important Is Specific Binding? Environ. Sci. Technol. 2013, 47 (13), 
7214–7223. https://doi.org/10.1021/es400981a. 
(24)  Fenton, S. E.; Reiner, J. L.; Nakayama, S. F.; Delinsky, A. D.; Stanko, J. 
P.; Hines, E. P.; White, S. S.; Lindstrom, A. B.; Strynar, M. J.; Petropoulou, S. E. 
Analysis of PFOA in Dosed CD-1 Mice. Part 2: Disposition of PFOA in Tissues 
and Fluids from Pregnant and Lactating Mice and Their Pups. Reprod. Toxicol. 
2009, 27 (3–4), 365–372. 
https://doi.org/10.1161/CIRCULATIONAHA.110.956839. 
(25)  Entenman, C. Lipid Content of Chick Tissues. J Biol Chem 1940, No. 65, 
231–241. 
(26)  Cuthbert, R. J. Breeding Biology, Chick Growth and Provisioning of Great 
Shearwaters (Puffinus Gravis) at Gough Island, South Atlantic Ocean. Emu 2005, 




(27)  Yoo, H.; Guruge, K. S.; Yamanaka, N.; Sato, C.; Mikami, O.; Miyazaki, 
S.; Yamashita, N.; Giesy, J. P. Depuration Kinetics and Tissue Disposition of 
PFOA and PFOS in White Leghorn Chickens (Gallus Gallus) Administered by 
Subcutaneous Implantation. Ecotoxicol. Environ. Saf. 2009, 72 (1), 26–36. 
https://doi.org/10.1016/j.ecoenv.2007.09.007. 
(28)  Verreault, J.; Houde, M.; Gabrielsen, G. W.; Berger, U.; Haukås, M.; 
Letcher, R. J.; Muir, D. C. G. Perfluorinated Alkyl Substances in Plasma, Liver, 
Brain, and Eggs of Glaucous Gulls (Larus Hyperboreus) from the Norwegian 
Arctic. Environ. Sci. Technol. 2005, 39 (19), 7439–7445. 
https://doi.org/10.1021/es051097y. 
(29)  Gebbink, W. A.; Letcher, R. J. Comparative Tissue and Body 
Compartment Accumulation and Maternal Transfer to Eggs of Perfluoroalkyl 
Sulfonates and Carboxylates in Great Lakes Herring Gulls. Environ. Pollut. 2012, 
162, 40–47. https://doi.org/10.1016/j.envpol.2011.10.011. 
(30)  Ahrens, L.; Siebert, U.; Ebinghaus, R. Total Body Burden and Tissue 
Distribution of Polyfluorinated Compounds in Harbor Seals (Phoca Vitulina) 
from the German Bight. Mar. Pollut. Bull. 2009, 58 (4), 520–525. 
https://doi.org/10.1016/j.marpolbul.2008.11.030. 
(31)  Borg, D.; Bogdanska, J.; Sundström, M.; Nobel, S.; Håkansson, H.; 
Bergman, Å.; DePierre, J. W.; Halldin, K.; Bergström, U. Tissue Distribution of 
35S-Labelled Perfluorooctane Sulfonate (PFOS) in C57Bl/6 Mice Following Late 
Gestational Exposure. Reprod. Toxicol. 2010, 30 (4), 558–565. 
https://doi.org/10.1016/j.reprotox.2010.07.004. 
(32)  Wang, J.; Caccamise, S. A. L.; Woodward, L. A.; Li, Q. X. L. 
Polychlorinated Biphenyls in the Plasma and Preen Oil of Black-Footed Albatross 
(Diomedea Nigripes) Chicks and Adults on Midway Atoll, North Pacific Ocean. 
PLoS One 2015, 10 (4), 1–12. https://doi.org/10.1371/journal.pone.0123041. 
(33)  Mondal, D.; Lopez-Espinosa, M. J.; Armstrong, B.; Stein, C. R.; Fletcher, 
T. Relationships of Perfluorooctanoate and Perfluorooctane Sulfonate Serum 
Concentrations between Mother-Child Pairs in a Population with 
Perfluorooctanoate Exposure from Drinking Water. Environ. Health Perspect. 
2012, 120 (5), 752–757. https://doi.org/10.1289/ehp.1104538. 
(34)  Houde, M.; Balmer, B. C.; Brandsma, S.; Wells, R. S.; Rowles, T. K.; 
Solomon, K. R.; Muir, D. C. G. Perfluoroalkyl Compounds in Relation to Life-
History and Reproductive Parameters in Bottlenose Dolphins (Tursiops 
Truncatus) from Sarasota Bay, Florida, USA. Environ. Toxicol. Chem. 2006, 25 




(35)  Baduel, C.; Lai, F. Y.; Townsend, K.; Mueller, J. F. Size and Age-
Concentration Relationships for Perfluoroalkyl Substances in Stingray Livers 
from Eastern Australia. Sci. Total Environ. 2014, 496, 523–530. 
https://doi.org/10.1016/j.scitotenv.2014.07.010. 
(36)  Wang, J.; Zhang, Y.; Zhang, F.; Yeung, L. W. Y.; Taniyasu, S.; 
Yamazaki, E.; Wang, R.; Lam, P. K. S.; Yamashita, N.; Dai, J. Age- and Gender-
Related Accumulation of Perfluoroalkyl Substances in Captive Chinese Alligators 
(Alligator Sinensis). Environ. Pollut. 2013, 179, 61–67. 
https://doi.org/10.1016/j.envpol.2013.04.020. 
(37)  Cui, Q.; Pan, Y.; Zhang, H.; Sheng, N.; Wang, J.; Guo, Y.; Dai, J. 
Occurrence and Tissue Distribution of Novel Perfluoroether Carboxylic and 
Sulfonic Acids and Legacy Per/Polyfluoroalkyl Substances in Black-Spotted Frog 
(Pelophylax Nigromaculatus). Environ. Sci. Technol. 2018, 52 (3), 982–990. 
https://doi.org/10.1021/acs.est.7b03662. 
(38)  Lasters, R.; Groffen, T.; Lopez-Antia, A.; Bervoets, L.; Eens, M. Variation 
in PFAA Concentrations and Egg Parameters throughout the Egg-Laying 
Sequence in a Free-Living Songbird (the Great Tit, Parus Major): Implications for 
Biomonitoring Studies. Environ. Pollut. 2019, 246 (2019), 237–248. 
https://doi.org/10.1016/j.envpol.2018.12.014. 
(39)  Powers, K. D.; Wiley, D. N.; Allyn, A. J.; Welch, L.; Ronconi, R. A. 
Movements and Foraging Areas of Great Shearwaters in the Gulf of Maine. Mar. 
Ecol. Prog. Ser. 2017, 574, 1–57. 
(40)  Ronconi, R. A.; Koopman, H. N.; McKinstry, C. A. E.; Wong, S. N. P.; 
Westgate, A. J. Inter-Annual Variability in Diet of Non-Breeding Pelagic 
Seabirds Puffinus Spp. at Migratory Staging Areas: Evidence from Stable 
Isotopes and Fatty Acids. Mar. Ecol. Prog. Ser. 2010, 419, 267–282. 
https://doi.org/10.3354/meps08860. 
(41)  Lorente, J. A.; Lorente, M.; Villanueva, E. Postmortem Stability of Lung 
Surfactant Phospholipids. J. Forensic Sci. 1992, 37 (5), 13322J. 
https://doi.org/10.1520/jfs13322j. 
(42)  Noble, R. C.; Cocchi, M. Lipid Metabolism and the Neonatal Chicken. 
Prog. Lipid Res 1990, 29, 107–140. 
(43)  Schreiber, R. Nesting Chronology of the Eastern Brown Pelican. Auk 
1980, 97 (3), 491–508. https://doi.org/10.1093/auk/97.3.491. 
(44)  Condor, S. T.; Winter, N.; Gensch, R. H.; Brown, C. P. Ticks as a Factor 
in Nest Desertion of California Brown Pelicans Author ( s ): Kirke A . King , 




Oxford University Press Stable URL : Https://Www.Jstor.Org/Stable/1367739 
REFEREN. 2020, 79 (4), 507–509. 
(45)  Brooke, M. de L.; Bonnaud, E.; Dilley, B. J.; Flint, E. N.; Holmes, N. D.; 
Jones, H. P.; Provost, P.; Rocamora, G.; Ryan, P. G.; Surman, C.; Buxton, R. T. 
Seabird Population Changes Following Mammal Eradications on Islands. Anim. 
Conserv. 2018, 21 (1), 3–12. https://doi.org/10.1111/acv.12344. 
(46)  Nisbet, I. C. T.; Welton, M. J. Seasonal Variations in Breeding Success of 
Common Terns: Consequences of Predation. Condor 1984, 86 (1), 53. 
https://doi.org/10.2307/1367345. 
(47)  van Franeker, J. A. Save the North Sea Fulmar-Litter-EcoQO Manual - 
Part 1: Collection and Dissection Procedures. Alterra-rapport 2004, 672, 1–38. 
(48)  Malinsky, M. D.; Jacoby, C. B.; Reagen, W. K. Determination of 
Perfluorinated Compounds in Fish Fillet Homogenates: Method Validation and 
Application to Fillet Homogenates from the Mississippi River. Anal. Chim. Acta 
2011, 683 (2), 248–257. https://doi.org/10.1016/j.aca.2010.10.028. 
(49)  Powley, C. R.; George, S. W.; Ryan, T. W.; Buck, R. C. Matrix Effect-
Free Analytical Methods for Determination of Perfluorinated Carboxylic Acids in 
Environmental Matrixes. Anal. Chem. 2005, 77 (19), 6353–6358. 
https://doi.org/10.1021/ac0508090. 
(50)  Berger, U.; Haukås, M.; Hauk, M. Validation of a Screening Method 
Based on Liquid Chromatography Coupled to High-Resolution Mass 
Spectrometry for Analysis of Perfluoroalkylated Substances in Biota. J. 
Chromatogr. A 2005, 1081 (2), 210–217. 
https://doi.org/10.1016/j.chroma.2005.05.064. 
(51)  Chambers, E.; Wagrowski-Diehl, D. M.; Lu, Z.; Mazzeo, J. R. Systematic 
and Comprehensive Strategy for Reducing Matrix Effects in LC/MS/MS 
Analyses. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2007, 852 (1–2), 
22–34. https://doi.org/10.1016/j.jchromb.2006.12.030. 
(52)  Dassuncao, C.; Pickard, H.; Pfohl, M.; Tokranov, A. K.; Li, M.; 
Mikkelsen, B.; Slitt, A.; Sunderland, E. M. Phospholipid Levels Predict the Tissue 
Distribution of Poly- and Perfluoroalkyl Substances in a Marine Mammal. 
Environ. Sci. Technol. Lett. 2019, 6 (3), acs.estlett.9b00031. 
https://doi.org/10.1021/acs.estlett.9b00031. 
(53)  Leat, E. H. K.; Bourgeon, S.; Eze, J. I.; Muir, D. C. G.; Williamson, M.; 
Bustnes, J. O.; Furness, R. W.; Borgå, K. Perfluoroalkyl Substances in Eggs and 




Atlantic. Environ. Toxicol. Chem. 2013, 32 (3), 569–576. 
https://doi.org/10.1002/etc.2101. 
(54)  Mallin, M. A.; Lewitus, A. J. The Importance of Tidal Creek Ecosystems. 
J. Exp. Mar. Bio. Ecol. 2004, 298 (2), 145–149. https://doi.org/10.1016/S0022-
0981(03)00356-3. 
(55)  NOAA Office for Coastal Management. C-CAP Land Cover Atlas 
https://coast.noaa.gov/digitalcoast/tools/lca.html. 
(56)  Haines, E. B. Stable Carbon Isotope Ratios in the Biota, Soils and Tidal 
Water of a Georgia Salt Marsh. Estuar. Coast. Mar. Sci. 1976, 4 (6), 609–616. 
https://doi.org/10.1016/0302-3524(76)90069-4. 
(57)  Druffel, E. R. M.; Williams, P. M.; Bauer, J. E.; Ertel, J. R. Cycling of 
Dissolved and Particulate Organic Matter in the Open Ocean. J. Geophys. Res. 
1992, 97 (C10). https://doi.org/10.1029/92jc01511. 
(58)  Hobson, K. A.; Piatt, J. F.; Pitocchelli, J. Using Stable Isotopes to 
Determine Seabird Trophic Relationships. J. Anim. Ecol. 1994, 63 (4), 786–798. 
(59)  Munoz, G.; Budzinski, H. H.; Labadie, P.; Budzinski, H. H.; Labadie, P.; 
Budzinski, H. H.; Labadie, P. Influence of Environmental Factors on the Fate of 
Legacy and Emerging Per- and Polyfluoroalkyl Substances along the 
Salinity/Turbidity Gradient of a Macrotidal Estuary. Environ. Sci. Technol. 2017, 
51 (21), acs.est.7b03626. https://doi.org/10.1021/acs.est.7b03626. 
(60)  Zhang, X.; Lohmann, R.; Sunderland, E. M. Poly- and Perfluoroalkyl 
Substances (PFAS) in Seawater and Plankton from the Northwestern Atlantic 
Margin. Environ. Sci. Technol. 2019, 53 (21), 12348–12356. 
https://doi.org/10.1021/acs.est.9b03230. 
(61)  Zhang, C.; Hopkins, Z. R.; Mccord, J.; Strynar, M. J.; Detlef, R. U.; 
Knappe, D. R. U. Fate of Per- and Polyfluoroalkyl Ether Acids in the Total 
Oxidizable Precursor Assay and Implications for the Analysis of Impacted Water. 
Environ. Sci. Technol. Lett. 2019. https://doi.org/10.1021/acs.estlett.9b00525. 
(62)  Ensign, S. H.; Halls, J. N.; Mallin, M. A. Application of Digital 
Bathymetry Data in an Analysis of Flushing Times of Two Large Estuaries. 
Comput. Geosci. 2004, 30 (5), 501–511. 
https://doi.org/10.1016/j.cageo.2004.03.015. 
(63)  Arnot, J. A.; Gobas, F. A. P. C. A Review of Bioconcentration Factor 
(BCF) and Bioaccumulation Factor (BAF) Assessments for Organic Chemicals in 













TIME TRENDS OF PER- AND POLYFLUOROALKYL SUBSTANCES FROM 
2010 – 2019 IN A TRANS-EQUATORIAL MIGRATORY SEABIRD 
 
This manuscript is formatted for submission to the journal Environmental Science 
and Technology 
 
Anna R. Robuck1*, Mark G. Cantwell2, David N. Wiley3, Mengyang Liu4, 
Lindsay Agvent1, Kevin D. Powers3, Richard McKinney2, Elsie M. Sunderland5,6, 
and Rainer Lohmann1 
 
1 University of Rhode Island Graduate School of Oceanography, Narragansett, RI 
02882 
2Atlantic Coastal Environmental Sciences Division, Center for Environmental 
Measurement and Modeling, US Environmental Protection Agency, Narragansett, 
RI 02882 
3Stellwagen Bank National Marine Sanctuary, National Oceanic and Atmospheric 
Administration, Scituate, MA 02066 
4College of Ocean & Earth Sciences, Xiamen University, China 
5Harvard T. H. Chan School of Public Health, Boston, Massachusetts 02215, 
United States 
6Harvard John A. Paulson School of Engineering and Applied Sciences, 
Cambridge, Massachusetts 02138, United States 
   
 
 144 
*Corresponding author, present address:  
Anna Robuck, 215 S Ferry Rd Narragansett RI 02882, annarobuck@gmail.com 
 
KEYWORDS: PFOS, PFAS, seabirds 
ABSTRACT 
Per- and polyfluoroalkyl substances, or PFAS, are industrial chemicals used 
widely in a range of consumer, industrial, and military applications. Increased 
regulatory scrutiny and research attention have brought about changes in the 
production and use of PFAS, affecting PFAS trends within environmental and 
biological matrices over the last two decades. Here we measured 27 PFAS in 116 
Great Shearwaters collected in Massachusetts Bay, USA from 2010 – 2019. We 
found limited differences between sexes and no significant differences between 
age groups. Concentrations of PFOS and FOSA declined over the ten-year time 
series, while C8 – C11 PFCAs showed no significant trends over time. The lack 
of trends in long-chain PFCAs over time may be indicative of an ongoing change 
point, as long-chain PFCAs may no longer be increasing in the environment. Two 
less studied PFAS, Nafion BP2 and 7:3 FTCA, were detected in 36% and 64% of 
the sample set over time, respectively. Multiple PFAS were significantly 
associated with reduced liver and kidney weights and depth of body fat, while 
PFHxS and PFNA were negatively associated with mass and count of ingested 
plastics. Continued evaluation of long-chain PFCAs and emerging compounds is 
required to discern any changing trends and better describe the impacts of these 
compounds in biota subject to sustained concentrations.  





Per- and polyfluoroalkyl compounds, or PFAS, are a large family of 
anthropogenic chemicals first created in the 1940s1. PFAS are highly persistent 
under a range of environmental and applied conditions1. Many PFAS are also 
amphiphilic in nature which allows them to repel both oil and water due to the 
inclusion of hydrophobic carbon backbones coupled to a hydrophilic functional 
groups like -SO4 or -COOH. These unique and attractive qualities have resulted in 
the incorporation of PFAS into a range of industrial, military, and consumer 
applications; a recent meta-analysis found over 200 distinct use categories 
involving over 1400 different PFAS2.   
Their prolific use within the built environment has resulted in their ubiquity 
in natural environments, including remote polar regions3 as well as environments 
closer to direct human sources4,5. The spatial distributions of PFAS in the global 
environment are generally a function of their unique physico-chemical properties 
that facilitate long-range transport as well as their emissions during manufacturing 
and use.  For example, emissions of perfluorooctane sulfonic acid (PFOS) are 
dominated by release from use of consumer and industrial products that 
previously incorporated PFOS directly or currently incorporate precursor 
compounds that transform into PFOS in vivo or in situ (like Me-FOSAA used in 
foot packaging products)4,6. Local and regional “hot spots” of specific compounds 
or classes of PFAS may also be linked to manufacturing sites7 or surrounding 
locations where extensive product use or disposal has occurred (e.g., military 
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bases, wastewater treatment plants)8,9. Population density can also serve as a 
proxy for relative exposure in fresh and coastal waters where emissions are more 
diffuse and driven predominantly by use of consumer products4,6.   
Regardless of specific emission source or compound, PFAS ultimately pose 
the most significant risk to marine environments, as the ocean is thought to be the 
ultimate reservoir for perfluorooctanoic acid (PFOA), PFOS, and other PFAS. 
PFAS have been identified in the surface ocean and at depth10, as well as in 
marine mammals11, seabirds12, fish13, crustacea and invertebrates14,15. PFAS with 
more than 7 carbons have been documented to strongly bioaccumulate and 
biomagnify in marine food webs, particularly those supporting air-breathing 
organisms like seabirds and marine mammals15,16. However, PFAS preferentially 
bind to protein17 or amphiphilic fatty acids18, unlike the preference for 
hydrophobic fatty matrices demonstrated by well-studied hydrophobic organic 
contaminants such as polychlorinated biphenyls. Therefore their occurrence and 
accumulation within different organisms, life stages, sexes, or food web scenarios 
is still under investigation.  
Temporal trends of PFAS in marine environments are likewise of interest, as 
PFAS production and use has undergone significant changes with increased 
evidence of adverse effects within humans and wildlife19. For example, 
perfluoroalkyl acids (PFAAs) like PFOA and PFOS were phased out in the early 
2000s, with increased use of replacements with fewer than seven fluorinated 
carbons, polyfluorinated structures, and/or structurally modified iterations of 
legacy PFAS, such as perfluoroalkyl ether acids (PFEAs) incorporating different 
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numbers of ether linkages20,21. Changes to PFAS production and use patterns have 
previously been demonstrated to alter environmental concentrations of PFAS over 
time, as PFOS and FOSA rapidly decreased in wildlife and environmental 
matrices following the phase out of these compounds in the early 2000s11. It is 
therefore expected that continued interventions aimed at curtailing the use of 
PFAS will result in further changes in the occurrence of PFAS over time and 
space.  
In the present study we measured PFAS over a ten-year time series in a long-
lived Atlantic seabird. In summary, the goals of the study were to (i) ascertain any 
temporal trends of PFAS over the last decade; (ii) assess the presence of novel 
and understudied PFAS in these birds, and (iii) explore PFAS dynamics between 
sexes, age groups, and in association with other biological and pollutant 
covariates.  
 
MATERIALS AND METHODS  
Study species 
The Great Shearwater (Ardenna gravis) is a long-lived, trans-equatorial 
migratory seabird that inhabits the pelagic Gulf of Maine in the NW Atlantic 
during its non-breeding period over the boreal summer. Satellite tracking data and 
necropsy data suggest age-specific segregation of their non-breeding range, with 
preferential use of the SW Gulf of Maine and Massachusetts Bay by juveniles 22. 
This species breeds during the boreal winter in the South Atlantic, on Gough 
Island, Inaccessible Island, and Nightingale Island in the St. Helena Island Group 
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and Kidney Island in the Falkland Islands23. Contaminant levels measured in this 
species are primarily thought to reflect the influence of foraging in the Northern 
Hemisphere, due to the much lower levels of PFAS measured in other petrels at 
similar or higher trophic levels that solely rely on the Southern Atlantic Ocean24.  
Specimen Collection, Necropsy, and Sample Condition 
Dead Great Shearwater juveniles and adults were obtained as bycatch from 
the National Oceanic and Atmospheric Administration (NOAA) Northeast 
Fisheries Observer Program (Falmouth, MA) from Massachusetts Bay. Bycatch 
collections spanned 2010 – 2019 and the majority of samples were collected in 
the months of August – November each year, after approximately 2 or more 
months of foraging in the NW Atlantic. Each individual was frozen individually 
as a whole specimen upon collection and stored at -20 °C until necropsy. All 
individuals were necropsied in a standardized manner 25, including measurements 
of morphometric characteristics, body condition, and organ weights. Age group 
was determined following the age characterization of Great Shearwaters as 
defined by Powers et al. (2020)22 using gonad size and the presence of the bursa 
of Fabricius, and sex based upon gonad presentation.  
Chemicals, reagents, and materials  
Analytical standards of greater than 99.9% purity, including mass-labeled 
surrogates, were purchased from Wellington Laboratories (Guelph, ON, Canada). 
Native Nafion BP2 was provided by Chemours (Fayetteville, NC) in lieu of a 
commercial source. HPLC grade methanol and acetonitrile were purchased from 
Fisher Scientific (Waltham, MA, USA). Ultrapure water for equipment cleaning 
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was obtained from a Milli-Q system fit with an HPLC water polisher or via HPLC 
grade water purchased from Fisher Scientific (Waltham, MA, USA). ENVI Carb 
bulk powder was purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Ammonium acetate was purchased from Fisher Scientific (Waltham, MA, USA) 
Extraction and analysis of PFAS  
A total of 116 Great Shearwaters (Ardenna gravis) were analyzed for PFAS. 
95 were juveniles and 21 were mature birds. The sample set was evenly split 
between males and females, with 55 females and 54 males examined. 7 birds 
could not be accurately sexed.  
Aliquots of liver from each individual were homogenized and solvent-
extracted in acetonitrile following addition of isotope-labelled surrogates, as 
previously described26. Extracts were cleaned up using high-speed centrifugation 
paired with 25 mg of graphitized non-porous carbon and glacial acetic acid. 
Measurement and quantification of 27 PFAS was achieved using liquid 
chromatography tandem-mass spectrometry (UPLC-MS/MS) experiments in 
negative electrospray ionization mode. Estimates of PFAS concentrations were 
obtained by quantification using isotope dilution.  
Matrix spikes and procedural blanks were included with the sample set, to 
monitor matrix effects, process recovery, and background contamination. Matrix 
effects were addressed using a 7-point matrix-matched curve, made up of chicken 
liver homogenate extracted in an identical fashion to GRSH liver samples, and 
spiked with native and isotope-labelled standards directly prior to analysis. The 
chicken liver matrix used for the curve contained trace levels of PFAS (namely L 
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- PFOS), and was corrected for background PFAS using the average of triplicate 
samples taken through the extraction. Data reported in this study were not blank 
corrected, due to low levels of process contamination identified in procedural 
blanks. PFBA and PFBS were not quantitatively reported here due to poor 
chromatography. Method detection limits were defined as procedural blank levels 
of a given analyte plus 3 times the standard deviation; in the absence of 
quantifiable blank concentrations, the lowest curve point (0.025 ng/mL) was 
deemed the method detection limit. Values below MDLs were considered zero for 
summation purposes. Method recovery ranged from 11 – 130% with a mean 
recovery of 76% across all compounds, similar to recoveries reported in other 
work using avian liver27–29. FOSA, PFTeDA, and PFTrDA evidenced the lowest 
recoveries due to predictable loss of these analytes during sample preparation.  
Analysis for total mercury 
We used body feathers for analysis of total mercury (THg). The samples 
were washed with Milli-Q water and acetone in an ultrasonic bath respectively, 
and then rinsed with Milli-Q water 3 times. After freeze drying overnight, each 
sample was cut up and homogenized, and about 15 mg weighed into a nickel boat 
for analysis. All samples were analyzed using a direct thermal decomposition 
mercury analyzer (MA-3000, Nippon Instruments Corporation). Quality control 
methods included blanks, analytical duplicates and the certified reference 
materials (TORT-3 Lobster hepatopancreas and ERM-DB001 Human hairs, 
National Research Council of Canada) analyzed every 10 samples. Average 
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recoveries for the certified reference materials were 93.1±5.8% (TORT-3) and 
95.9±5.0%. 
Stable isotope analysis 
Body feathers were analyzed for ẟ15N and ẟ13C to deduce any influence of 
trophic trends on results. Feathers were cleaned with acetone, and ground to 
fineness using a mortar and pestle. ~1 mg of feather was weighed out into tin 
capsules for carbon and nitrogen stable isotope analysis. Weighed samples were 
measured via IR-MS, and results interpreted as parts per thousand relative to 
appropriate references. ẟ15N and ẟ13C were measured using an Isoprime 100 
Isotope Ratio Mass Spectrometer coupled to a Micro Vario Elemental Analyzer 
(Elementar Americas, Mt.Laurel, NJ).  
The nitrogen (ẟ15N ) isotope composition was expressed as a part per 
thousand deviation (‰ ) from air. Carbon (ẟ13C ) isotope composition was 
expressed relative to Vienna Pee Dee Belemnite where ẟX = [(Rsample − 
Rstandard)/Rstandard] × 103, where X is ẟ15N or ẟ13C, and R is the ratio of heavy to 
light isotope (15N: 14N, 13C: 12C). Duplicates were analyzed every 10 samples, 
and a blue mussel reference material every 15 samples to ensure measurement 
quality. 
Statistical treatment 
All data manipulation and statistical analyses were performed in R version 
3.6.1 (R Core Team, 2020) 30. Quantitative data were checked for normality and 
homoscedasticity using the Shapiro-Wilk test and Levene’s test. Concentrations 
were non-normal despite log transformation and therefore treated non-
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parametrically as log-transformed variables for statistical analyses; year groups 
displayed no significant differences in variance. Summary statistics were derived 
using censored and uncensored data using the cenfit functions in the R package, 
NADA, version 1.6 - 1.1 (Lee 2020) to better account for left-censored data 
(Helsel 2012). Differences between years or groups were assessed using Kruskal-
Wallis tests with post hoc application of Dunn’s test with Bonferroni correction 
for multiple testing. Temporal trends were evaluated for compounds found in 
>80% of samples using generalized linear models (GLMs) with year as the sole 
predictor as a numeric variable to deduce any sustained temporal trends. 
Temporal trend assessment included all individuals with concentrations above 
detection limits given the lack of significant differences between mature and 
juvenile birds. 7:3 FTCA was also assessed for temporal trends despite its lower 
detection frequency (64%) using a generalized linear model, but these results 
were not reported quantitatively. Relationships between continuous, log-
transformed numeric variables were assessed using Spearman rank correlation 
coefficients (Rs2). Effects observed within all statistical tests were considered 
significant when p < 0.05.  
 
RESULTS AND DISCUSSION  
Observed detection frequencies and concentrations 
Samples were screened for 27 analytes, and 17/27 compounds were above 
detection limits in at least one sample. FOSA, PFOA, PFNA, PFDA, PFUnDA, 
PFDoDA, and PFOS were detected in at least 80% of the sample set (Table 1). 
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PFOS was the most abundant compound in each individual and within each year, 
making up 49% of ∑17PFAS concentrations across all years with a mean 
concentration of 41 ng/g across all years and a maximum of 111 ng/g in a 2010 
individual. After PFOS, PFUnDA or 7:3 FTCA generally alternated as the second 
most abundant compound in each sample. Concentrations of PFOS and PFUnDA 
were similar to concentrations previously observed in this species in 2017, as well 
as similar to concentrations observed in other temperate petrels12,31–33.  
The highest ∑17PFAS measured was 234 ng/g w.w. liver comprised of 15 
quantifiable analytes, found in a 2010 juvenile GRSH. The lowest ∑17PFAS 
concentration was observed in a 2019 juvenile Great Shearwater from 
Massachusetts Bay containing ∑17PFAS of 9 ng/g, comprised of 6 analytes above 
detection limits.  
Similarities and differences between age groups and sexes 
Younger birds generally contained higher concentrations of individual and 
∑17PFAS, but these results were not statistically significant in any given year or 
overall, possibly related to the low number of adults included in the sample set.  
Considering solely mature individuals across all years (n = 21), mature 
females possessed lower concentrations of PFOA and PFHxS compared to mature 
males (Kruskal-Wallis, p < 0.05). Controlled studies in chickens and other animal 
models indicate differences in PFAS levels between sexes are related to 
differences in elimination efficiency mediated by sex hormone levels. For 
example, in a controlled study using adult mice, Kudo et al. (2002) 
experimentally castrated male rats which subsequently exhibited increased renal 
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clearance of PFOA approaching rates observed in females; reduced renal 
clearance rates were again apparent in the castrated males following testosterone 
treatment34. We believe a similar sexually-mediated mechanism drives differences 
in PFOA and PFHxS levels in mature birds within our sample set, as higher 
concentrations in male individuals have likewise been identified in controlled 
studies involving mallards and quail35,36.  
However, concentration differences between sexes were not observed for any 
compound in juvenile birds within each year or overall. The lack of differences 
between sexes in young birds has been previously reported37, and may be due to 
slow sexual maturation in long-lived seabirds in combination with the strong 
influence of maternal off-loading. The juveniles assessed within our study were 
primarily hatch year individuals less than 6 months in age, and therefore may be 
too young to exhibit the hormonally-mediated elimination differences apparent in 
older individuals due to their limited expression of sexual hormones. Like other 
Procellariiform seabirds, Great Shearwaters require an extended period of 
development (6 – 9 years) to reach sexual maturity. Changes in hormonal 
characteristics over this maturation period have been identified in other 
Procellariiforms (e.g. Wandering Albatross, Diomedea exulans) with very young 
males possessing significantly less testosterone compared to older males 
approaching or at sexual maturity38; Great Shearwaters have not been specifically 
tested for such hormonal differences over maturation.  
Additionally, young individuals likely reflect a disproportionate amount of 
PFAS derived from maternal offloading, which may obfuscate sex-based 
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concentration differences in the short-term. The tremendous persistence of PFAS 
in biological matrices means that PFAS transferred from mother to offspring are 
not likely to dissipate over the first months of development. Tarazona et al. (2015) 
established a plasma half-life estimate for PFOS in birds (231 days) using 
environmentally relevant doses of PFOS in chickens 39. Short-term exposure trials 
in juvenile quail and mallard suggest the liver half-life of PFOS is roughly 2.5 
times that of the serum half-life36. Using the plasma half-life derived in Tarazona 
et al. 2015 scaled using the exposure data relating plasma half-life and liver half-
life, this equates to an estimated liver half-life for PFOS of 578 days in birds, or 
1.6 years. Liver elimination of PFAS via biliary excretion has been demonstrated 
to be very slow (~1% of supplied dose)40, and biological metabolism of most 
PFAAs is thought to negligible. Therefore, the young birds (under about 6 months 
of age) assessed in this study likely reflect maternally-derived PFAS rather than 
unique PFAS profiles driven by hormonally-mediated processes. Few data sets 
exploring PFAS levels in birds over time or space report differences between 
sexes or lack thereof, and we encourage increased assessment of sex-based 
differences in other long-lived bird taxa to ascertain if juveniles of other species 
reflect the same apparent lack of sex-based dissimilarities early in development.  
Detection of novel PFAS over time 
Here we provide the first estimates describing the occurrence of two 
emerging PFAS within a sample set collected across a decade (Fig. 1). Nafion by-
product 2, or Nafion BP2, and 7:3 FTCA were detected in 36% and 64% of our 
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sample set, respectively. Little or no data to date reports on the occurrence of 
these compounds in wildlife.  
Nafion BP2 is an ether-based PFAS derived from the production of ionic 
polymers that are used across diverse industrial applications. Nafion BP2 has been 
previously reported in birds37, fish41, and humans42 from the Cape Fear River 
watershed in southeast North Carolina, due to ongoing industrial activity in the 
region43. Prior work from our group likewise identified this compound in a 
limited number of individuals from Massachusetts Bay and Narragansett Bay in 
201737. Here we found Nafion BP2 in 36% (42/116) of Great Shearwaters dating 
back to 2010, with a maximum concentration of 0.230 ng/g in liver from a 
juvenile Great Shearwater bycaught in 2015. Temporal trends were not 
statistically assessed due to the limited detection frequency of this analyte. 
However, despite this limitation, our data is the first to measure this compound in 
biota before or after 2017-2018.  
Additionally, we believe this is the first study to identify this compound over 
multiple years in a wildlife population with no significant connection to known 
industrial sources. Great Shearwaters have no migratory connectivity to the Cape 
Fear region, as only 15% of individuals use the offshore US East Coast for trans-
equatorial migration, while 85% use the margins of the eastern Atlantic adjacent 
to the coasts of Africa and Europe. Those individuals that use the western Atlantic 
migration corridor stay well offshore, and have not been documented to use the 
riverine or estuarine habitats of the Cape Fear River region. This suggests the 
occurrence of Nafion BP2 in our sample set is a result of environmental 
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persistence facilitating long-range transport of this compound to pelagic 
environments; this work is some of the first to establish the long-range transport 
of Nafion BP2. Alternatively, our results also point to multiple additional 
source(s) beyond the Cape Fear region, which in turn suggests we may be 
underestimating exposure to this compound by assuming it may only be derived 
from one highly visible source. We recommend more comprehensive assessment 
of this ether-based sulfonic acid across a wider suite of environmental matrices, 
considering its demonstrated yet underexplored capacity for environmental 
occurrence 
7:3 FTCA is a stable fluorotelomer carboxylic acid (FTCA), previously 
reported in a handful of studies examining marine mammals26, waterbirds29,44, 
birds of prey45, Flesh-Footed and Wedge-tailed shearwaters from the Southern 
Hemisphere46, as well as humans. Concentrations up to 1131 ng/g in a polar bear 
adult and 192 ng/g in an adult harbor seal were recently reported in marine 
mammals from the NW Atlantic26. 7:3 FTCA was detected in 64% of our sample 
set at concentrations up to 62 ng/g. This compound alternated with PFUnDA as 
the second most abundant compound, after PFOS, within each given individual. 
To the best of our knowledge, this marks the first time this compound has been 
measured over time in a pelagic seabird. No significant differences in 
concentration were observed between sexes or ages considering the total sample 
set as a whole, and no temporal trends were apparent over time.  
The lack of any temporal trend here is likely due to continued, widespread 
use and emissions of precursors that transform into FTCAs and PFCAs. 7:3 
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FTCA is derived from aerobic or anaerobic degradation of atmospherically-labile 
fluorotelomer alcohols, primarily 8:2 FTOH; degradation of FTOHs also results 
in formation of PFCAs at low yields47. 7:3 FTCA may also be formed from in 
vivo degradation of polyfluoroalkyl phosphate surfactants (PAPs), nonpolymeric 
PFAS used in food contact paper products48.  
The documented source pathways of this compound suggest respiratory 
uptake from atmospheric reservoirs is likely driving 7:3 FTCA concentrations 
observed in seabirds within this study. Limited evidence from food web 
investigations underscores the assumed importance of atmospheric exposure; 27 
forage fish from Massachusetts Bay were measured for 7:3 FTCA (Robuck et al. 
2021, in prep), with no detections of 7:3 FTCA above limits of detection in fish. 
Loi et al. (2011) also did not find 7:3 FTCA in a range of marine fish and 
crustaceans44. Any role of trophic transfer in 7:3 FTCA accumulation is made 
additionally unclear given its weak – moderate negative association with ẟ15N, 
suggesting birds feeding higher in the food web with higher ratios of ẟ15N contain 
less 7:3 FTCA (Table 2), unlike the typical positive relationship between ẟ15N and 
traditionally biomagnified pollutants49. This negative relationship may instead 
suggest biotic metabolism of 7:3 FTCA into PFOA, previously documented in a 
range of biological systems47. Biological metabolism may therefore limit the 
transfer of this compound between trophic levels, leaving respiratory uptake from 
atmospheric reservoirs as the primary route of exposure.  
Neutral, volatile FTCA precursors such as 8:2 FTOH continue to enter the 
environment via use and disposal of consumer products50, industrial activities, the 
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built environment51, and waste infrastructure52. As a result, 8:2 FTOH remains the 
dominant compound found in air at remote environments53 and adjacent to urban 
centers54, suggesting this precursor will continue to impart sustained biotic 
occurrence of downstream products like 7:3 FTCA. More research is warranted 
into local and global occurrence of 7:3 FTCA and other FTCAs, given limited but 
concerning toxicity data suggesting FTCAs may be significantly more toxic than 
PFCAs55.  
Trends over time 
Temporal trends were assessed for FOSA, PFOS, PFOA, PFNA, PFDA, and 
PFUnDA using generalized linear models. FOSA and PFOS significantly 
decreased over 2010 – 2019 (p < 0.05). This aligns with trends observed in 
gannets from the United Kingdom over 1977 - 2014, white-tailed eagles from 
northern Europe measured over 2008 - 2017, several species of pelagic seabird 
from the Pacific coast of Canada from 1990 - 201131, as well as multiple taxa 
from the Arctic across varying time scales3. Declining concentrations of these 
compounds here and across other environmental matrices are likely driven by the 
voluntary phase out of PFOS and its precursors in the early 2000s in the US and 
Europe.  
Concentrations of PFCAs in Great Shearwaters did not significantly change 
over 2010 - 2019 within our study, although PFUnDA increased marginally but 
insignificantly (p = 0.067). This is in contrast to other datasets, as most temporal 
analyses of long-chain PFCAs in other biotic matrices have found increased 
concentrations of PFCAs over time. However, few currently published data sets 
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include data from the most recent decade. Assessing PFAS specifically over this 
period of time is crucial because of policy and industrial interventions that have 
altered PFAS use and management over the course of 2000 - 2020, many of 
which stand to alter ambient PFAS levels in the environment. For example, 
Prevedouros et al. (2006) suggested that long-chain PFCAs primarily enter the 
environment due to their use as processing aids in creation of fluoropolymers56, or 
via in situ degradation of volatile precursors57. Fluoropolymer production has 
instead increasingly shifted to rely upon ether-based PFEAs7,58 rather than the C8 
or C9 PFCA formulations originally used; PFEAs are terminal endpoints 
themselves, and are not thought to further degrade to PFCAs59.  
We believe the sustained, rather than increasing, concentrations of PFCAs 
observed in our study may be suggestive of an ongoing change point where C8 – 
C11 PFCAs cease to increase in the environment and marine biota, due to shifts in 
production away from structures that degrade into long-chain PFCAs or process 
streams that produce long-chain PFCAs as impurities. A similar change point was 
observed for PFOS and FOSA following cessation of its use in the early 2000s11. 
Limited data from other more recent datasets tenuously suggests the same for 
long-chain PFCAs. Jouanneau et al. assessed PFAS in plasma of white-tailed 
eagle nestlings from 2008 – 2017, and likewise found no significant trends in 
PFOA or PFNA, while PFUnDA and PFTrDA ceased to increase after 
approximately 201260. In the US, PFOA and PFUnDA levels in bald eagle 
nestlings’ plasma was found to decline from 2006 to 201161.  
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Further study is required to describe developing trends of PFCAs in different 
biological receptors, to truly discern any change in environmental and biological 
abundance; the lack of clear trends may also merely indicate sustained but level 
emissions or formation of PFCAs or PFCA precursors in recent years. 
Additionally, continued investigation is warranted to describe potential adverse 
effects associated with long-chain PFCAs, given the paucity of data exploring 
PFCA levels in relation to acute or chronic impacts in wildlife populations and 
their sustained concentrations in the environment.  
Correlation to morphometric, stable isotope, and mercury data 
Morphometric measurements were collected for each individual as part of 
necropsy, in tandem with stable isotope ratios, plastic ingestion, and total mercury 
levels, which were collected in support of other datasets derived from this bird 
time series. Correlation analyses suggested a range of weak to moderate 
relationships between these covariates and specific PFAS concentrations (Table 
2). Associations were considered weak with ρ = |0.2 – 0.3|, weak-moderate with ρ 
= |0.3 – 0.4|, and moderate with ρ = |0.4 – 0.5|.  
Plastic mass and count were weakly to moderately negatively associated with 
PFHxS and PFNA levels. This is the first documented significant association 
between plastic ingestion and PFAS in seabirds, and suggests plastic pieces are 
not a significant vector of PFAS to wildlife that ingest plastic. This intuitively 
makes sense given the amphiphilic and hydrophilic chemical properties of most 
PFAS that reduce their proclivity for sorption to non-polar matrices. This 
relationship also reflects the divergent exposure pathways for these two pollutant 
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groups, as seabirds are primarily exposed to PFAS via diet as opposed to direct 
ingestion of plastics via discovery in the environment. While plastic ingestion is a 
growing and popular research topic, we emphasize the lack of relationship and 
inverse relationships between plastics and PFAS identified here, and caution that 
further research investigating PFAS and plastics should beware of spurious 
positive significant relationships in juxtaposition to the physicochemical 
tendencies of PFAS.  
ẟ13C  ratios measured in body feathers ranged from -19.6‰ to -16.6‰; no 
consistent trends in ẟ13C were apparent over time. However, PFOS and FOSA 
were positively associated with ẟ13C. This may suggest birds utilizing prey 
sources more reliant on terrestrial environments with higher (less negative) ẟ13C 
influenced by C4 primary production are more exposed to PFOS and FOSA 
compared to individuals reliant on more pelagic environments and forage items 
reflective of a more negative, marine ẟ13C signature62. These two compounds 
were likewise positively associated with total mercury, possibly indicative of 
similar biomagnification capacity among these highly bioaccumulative 
pollutants63.  
7:3 FTCA, PFDA, PFDoA, PFHxS, PFNA, PFOA, PFOS, PFTrDA, and 
PFUnDA were negatively associated with kidney and liver weights. Though a 
mechanism driving these associations is unclear, organ weight changes have been 
previously demonstrated as sensitive indicators of chemical influences. Decreased 
organ weights may impact bird health through reduced volume capacity to 
perform physiological functions. PFHpS was positively associated with wing 
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chord, along with PFTrDA although this association was only marginally 
significant (p = 0.066). These morphometric measurements were not significantly 
different between mature and juvenile individuals. Positive significant 
associations between wing chord and PFDA and PFTrDA have previously been 
reported in two species of Pacific shearwaters46. PFDoA, PFOS, PFTrDA, and 
PFUndA were also positively associated with body condition. The body condition 
index is a unitless measurement of bird condition based on the visual robustness 
of pectoral muscle, intestinal fat appearance, adipose fat layers, and prominence 
of the keel documented upon initiation of necropsy. Associations between 
morphometric characteristics and PFAS levels may be related to the demonstrated 
capacity of PFAS to impact hormonal dynamics that influence growth and 
development in birds and other taxa64–66.  
Additionally, PFDoA, PFHxS, PFTrDA, and PFUnDA were negatively 
associated with fat depth, measured adjacent to pectoral muscle. Unlike other 
hydrophobic pollutants, PFAS do not preferentially partition into adipose fat 
stores, therefore we believe this association reflects as-of-yet undetermined 
physiological or ecological dynamics rather than starvation-induced release of 
pollutants from fat stores. PFAS, specifically PFOS and PFNA, have been 
previously associated with changes in lipid dynamics in this species12. 
Observations from other field studies and controlled research likewise 
demonstrate associations between PFAS and lipid dynamics in other taxa and 
molecular models18,67,68. Reduced fat stores may impact organismal function and 
fitness, as seabirds rely on finely tuned fat reserves to successfully carry out 
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migration and reproduction. Given the importance of body condition and fat 
stores for individual and population health, we argue for more comprehensive 
evaluation of relationships between PFAS and sublethal endpoints like lipid and 
hormonal expression in seabirds and other wildlife, as detailed mechanistic or 
empirical explanations of the associations found in this study are lacking. 
Implications 
Our results confirm sustained concentrations of PFAS in multiple life stages 
of a pelagic seabird over a ten-year time series.  PFOS and FOSA were found to 
decrease over time, while PFOA, PFNA, PFDA, and PFUnDA show no clear 
trends over time, indicating sustained concentrations.  These results, in tandem 
with other emerging datasets, suggest a change point may be underway whereby 
PFCAs stop increasing in the environment and biota.   Continued assessment of 
temporal trends is vital to ascertain the veracity of any such shifts, as well as to 
define environmental trends of understudied compounds like Nafion BP2 and 7:3 
FTCA, two compounds that were identified in a significant portion of samples 
within this study.  More focus should likewise be paid to deducing sublethal 
impacts of PFAS on wildlife, given the suite of relationships identified here 
between concentrations of specific PFAS and morphometric measurements.  
Continued attention to PFAS in wildlife over time ultimately stands to benefit 
humans and our own understanding of PFAS trends, as we continue to use air, 
water, and food resources subject to the same ambient environmental exposures as 
wildlife.   
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TABLES AND FIGURES 
 
Table 3.1. Detection frequency, arithmetic mean, standard error, and range of 
concentrations included in this study. PFBA and PFBS were not reported, or “nr” 
due to chromatographic imprecision. Family designations are after Buck et al. 
2011.  
Compound Family # Fluorinated Carbons
% 
Detection Mean ± SE Range
N-MeFOSAA FASAA 8 0 − −
N- EtFOSAA FASAA 8 0 − −
FOSA FASA 8 83 0.96 ± 0.08 0 - 3.7
4:2 FTS FTS 4 0 − −
6:2 FTS FTS 6 0 − −
8:2 FTS FTS 8 0 − −
PFBA PFCA 3 nr − −
PFPeA PFCA 4 0 − −
PFHxA PFCA 5 9 0.24 ± 0.03 0 - 1.3
PFHpA PFCA 6 60 0.28 ± 0.04 0 - 2.2
PFOA PFCA 7 95 0.30 ± 0.04 0 - 2.6
PFNA PFCA 8 99 2.2 ± 0.13 0 - 6.8
PFDA PFCA 9 99 2.4 ± 0.11 0 - 6.6
PFUnDA PFCA 10 99 7.45 ± 0.38 0 - 24
PFDoA PFCA 11 99 3.1 ± 0.18 0 - 10
PFTrDA PFCA 12 75 2.62 ± 0.17 0 - 8
PFTeDA PFCA 13 60 1.73 ± 0.13 0 - 5
7:3 FTCA FTCA 7 64 6.54 ± 1.01 0 - 62
HFPO-DA PFECA 5 0 − −
Nafion BP2 PFESA 7 36 0.04 ± 0.008 0 - 0.2
PFBS PFSA 4 nr − −
PFPeS PFSA 5 20 − −
PFHxS PFSA 6 73 1.32 ± 0.10 0 - 5
PFHpS PFSA 7 43 0.52 ± 0.05 0 - 2
PFOS PFSA 8 99 38 ± 2.6 0 - 111
PFNS PFSA 9 57 0.18 ± 0.02 0 - 0.9
PFDS PFSA 10 41 0.09 ± 0.03 0 - 0.3




Figure 3.1. Mean concentrations of A) Nafion BP2 and B) 7:3 FTCA in ng/g wet 
weight over time, with bars representing standard error of the mean.  




Figure 3.2. Concentrations of six PFAS over 2010 – 2019; the blue line 
represents a linear model using year as the sole predictor to deduce any time 
trends. Only compounds with a detection frequency above 80% were 
meaningfully assessed for temporal trends. 
 
  




Table 3.2. Table presenting significant associations identified via Spearman rho 
correlation analysis between continuous biological covariates and PFAS 
concentrations. Associations above the pre-determined significance level (p = 










7:3 FTCA -0.332 0.037 Weak - Moderate
PFHxS -0.244 0.050 Weak
7:3 FTCA -0.309 0.018 Weak - Moderate
FOSA 0.260 0.018 Weak  
7:3 FTCA -0.409 0.001 Moderate
PFDA -0.230 0.016 Weak
PFDoA -0.275 0.004 Weak 
PFHxS -0.309 0.006 Weak - Moderate
PFOS -0.276 0.012 Weak
PFtrDA -0.263 0.077 Weak
PFUdA -0.274 0.004 Weak
7:3 FTCA -0.364 0.005 Weak - Moderate
PFDA -0.247 0.011 Weak
PFDoA -0.286 0.003 Weak
PFNA -0.210 0.033 Weak
PFOA -0.217 0.030 Weak
PFUdA -0.304 0.002 Weak - Moderate
FOSA 0.248 0.045 Weak  
PFOS 0.285 0.021 Weak
FOSA 0.339 0.014 Weak - Moderate
PFOS 0.239 0.095 Weak
PFDoA -0.318 0.001 Weak - Moderate
PFHxS -0.218 0.054 Weak
PFOS -0.266 0.016 Weak
PFtrDA -0.400 0.006 Moderate
PFUdA -0.294 0.002 Weak
PFDoA 0.210 0.030 Weak 
PFOS 0.255 0.022 Weak
PFtrDA 0.418 0.004 Moderate
PFUdA 0.260 0.007 Weak
PFDoA -0.301 0.003 Weak - Moderate
PFHxS -0.263 0.023 Weak
PFtrDA -0.397 0.008 Weak - Moderate
PFUdA -0.284 0.005 Weak
PFHpS 0.292 0.079 Weak
PFtrDA 0.279 0.066 Weak
Plastic Count PFHxS -0.376 0.001 Weak - Moderate
PFHxS -0.351 0.002 Weak - Moderate
PFNA -0.224 0.026 Weak
Head-Bill Length (cm) PFHxS -0.217 0.054 Weak
Tarsus
Body Condition Index 
Fat Depth (mm)
Wing Chord (cm)
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Of the thousands of per- and polyfluoroalkyl substances (PFAS) potentially in the 
environment, only few have been investigated in detail. Little is also known about 
their partitioning among multiple wildlife tissues and organs, which is needed to 
better predict the ecological risk PFAS may pose. In this study, we analyzed 36 
legacy and emerging PFAS in up to 8 juvenile seabird tissues collected from three 
habitats along the US Eastern Seaboard (Massachusetts Bay, Narragansett Bay 
and Cape Fear River Estuary). PFOS was the dominant compound across multiple 
tissues, while long-chain PFCAs dominated in brain (mean = 44% of total 
concentrations). Emerging perfluoroalkyl ether acids (PFEAs) Nafion byproduct-
2 and PFO5DoDA were detected in greater than 90% of tissues from juveniles 
obtained from the Cape Fear River Estuary, a nesting region downstream from a 
major fluorochemical production site. This marks the first environmental 
detection of these compounds in multiple vertebrate organs, including the brain. 
PFEAs displayed a preference for partitioning into blood compared to liver, 
possibly due to the increased flexibility of albumin to accommodate multi-ether 
PFAS, while PFO5DoDA showed a reduced preference for brain. These results 
suggest future monitoring efforts and toxicological studies should focus on 
impacts of novel PFAS and long-chain PFCAs in multiple tissues beyond liver 











Global biomonitoring studies document the pervasive accumulation of per- 
and polyfluoroalkyl substances (PFAS) in wildlife adjacent to human sources of 
PFAS1–4 but also in animals from remote regions. The majority of these studies 
measured PFAS in select matrices only, such as whole body homogenate, serum, 
liver, feather, or egg, to evaluate hypotheses focused on spatial and temporal 
dynamics5–7. The most commonly measured matrices often encompass tissues 
collected using non-invasive methods. A smaller subset of research has 
investigated the distributions of PFAS within multiple tissues of wild organisms, 
including tissues such as brain, lungs, heart, muscle, kidney, gonads, and adipose 
tissue (fat) 8–14.  In this study, we analyzed PFAS in 8 different seabird tissues. 
Knowing the abundance of PFAS in multiple tissues and organs is key to better 
understand PFAS internal partitioning, identify tissue reservoirs, and predict 
PFAS physiological and ecological risks.  
Existing tissue-specific work demonstrates the unique PFAS partitioning 
behavior compared to legacy persistent organic pollutants such as polychlorinated 
biphenyls (PCBs). Verreault et al. (2005) examined glaucous gull plasma, liver, 
egg, and brain and determined perfluorooctanesulfonic acid (PFOS) 
concentrations were greatest in plasma, followed by approximately equal 
concentrations in liver and egg, with the lowest concentrations in the brain9. 
Investigations in herring gull and guillemots subsequently found liver to contain 
higher concentrations of PFOS compared to plasma or muscle10,15. Results from 
multiple taxa beyond avifauna demonstrate that blood, liver, and kidney contain 
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the highest concentrations of multiple perfluoroalkyl acids (PFAAs) normalized 
by tissue weight, with some indication of preferential uptake of long-chain 
perfluoroalkyl carboxylic acids (PFCAs, CnF2n+1COOH, n ≥ 7) in the brains of 
marine mammals8,14,16. This is in stark contrast to the behavior of hydrophobic 
organic chemicals like PCBs, which show a distinct preference for fatty tissue 
storage.  
Beyond contrasting to legacy pollutants, tissue-specific measurements help 
constrain drivers of PFAS bioaccumulation. Empirical data from tissue-specific 
studies, modeling efforts, and data from controlled laboratory studies indicate 
interactions with specific proteins like albumin and liver fatty acid binding protein 
(L-FABP) determine the accumulation of various PFAS in liver, kidney, and 
blood matrices17,18. For instance, the L-FABP interaction with perfluoroalkyl 
sulfonic acids (PFSAs, CnF2n+1SO3H, n ≥ 6) and PFCAs is driven by hydrophobic 
and hydrogen-bonding in the protein, mediated by the size and rigidity of the 
PFAS molecule19. PFCAs with an alkyl chain consisting of 4 -11 carbons and 
PFSAs with 6 -10 carbons favorably bind to L-FABP, with a decrease in binding 
observed beyond 11 carbons. Non-specific phospholipid-mediated pathways have 
also been hypothesized to drive PFAA uptake in brain and liver18,20,21. Sizable 
data gaps exist describing these mechanisms empirically and mechanistically 
across different taxa and trophic web levels.  
Notably, little information exists evaluating bioaccumulation mechanisms or 
tissue-specific behavior of novel and replacement PFAS 11,12, despite shifts 
towards production and use of PFAS with fewer than seven fluorinated carbons, 
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polyfluorinated structures, and/or structurally modified iterations of PFAAs, such 
as such as per- and polyfluoroalkyl ether acids (PFEAs)  incorporating ether 
linkages 22.  
To address this knowledge gap, we present tissue-specific distributions of 
legacy and emerging PFAS using high resolution mass spectrometry (HRMS) in 
seabirds from the U.S. Atlantic Coast. We screened for the most widely assessed 
PFCAs and PFSAs along with 11 PFEAs. In summary, the aims of this study 
were to (i) derive the tissue distributions of 36 legacy and emerging PFAS in birds 
from three habitats and (ii) explore possible factors driving any differences in 
observed bioaccumulation between novel and legacy PFAS.   
 
MATERIALS AND METHODS  
Sample Collection 
Deceased juvenile seabirds were obtained from three habitats reflecting 
different PFAS exposure potential. Habitats included the Cape Fear River Estuary 
(CFRE) downstream from a major fluoropolymer manufacturing site, 
Narragansett Bay adjacent to a major metropolitan center, and Massachusetts Bay, 
an offshore region removed from direct contact with PFAS point sources. The 
rationale supporting the evaluation of PFAS in similar seabird species from 
multiple habitats has been described previously23. All individuals were necropsied 
according to standard protocol, and intact tissues wrapped in methanol-cleaned 
foil and stored in polyethylene bags or vials. Tissues collected included heart, 
brain, kidney, lungs, uropygial gland, adipose fat, liver, whole blood, pectoral 
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muscle, spleen, and feces; tissues were collected on an as-available basis, as some 
individuals were too small for accurate collection of all tissues. Tissues were 
frozen at -15°C until chemical analysis.  
PFAS analysis via HRMS 
A total of 36 PFAS were assessed in juvenile seabird livers via targeted and 
suspect screening analysis. A complete analyte list is available in Table S4. All 
tissues were extracted by means of protein precipitation in acetonitrile and 
dilution as previously described24. PFAS were detected using with a Thermo 
Orbitrap Fusion mass spectrometer (ThermoFisher Scientific, Waltham, MA) with 
a heated electrospray ionization (HESI) source operated in negative mode, 
following a previously described HRMS workflow25–27. Further details about 
sample preparation, analysis, quantification, and quality control are available in 
the Supplementary Information (SI).  
 
RESULTS AND DISCUSSION  
Detection of PFAS by tissue and region 
17 of 36 analytes were detected in at least one tissue from juvenile seabirds 
using HRMS (Fig. 1). Nine PFAS (Nafion BP2, PFO5DoDA, PFO4DA, PFOS, 
PFNA, PFDA, PFUnDA, PFDoA, and PFTrDA) were found ≥ 50% of at least 
two tissues from at least one habitat. The dominant five compounds (PFOS, 
PFDA, PFUnDA, PFDoA, and PFTrDA) were detected in at least two tissues in 
all three habitats.  PFNA was only detected in livers from Massachusetts Bay and 
Narragansett Bay birds, but was detected across six tissues in CFRE individuals. 
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Nafion BP2 was detected in muscle, blood, and liver of birds outside of the 
CFRE, but levels in Narragansett Bay birds were below the linear dynamic range 
of the curve (< 0.5 ng/mL) and were not quantifiable. The largest number of 
analytes and the highest detection frequencies across each tissue type were 
observed in individuals from the Cape Fear sample set (Fig. 1).  
Multiple short-chain PFCAs and PFEAs, fluorotelomer sulfonates, and acetic 
acid precursors like Et-FOSAA were not detected in any tissue (Table S5), 
suggesting reduced bioaccumulation potential compared to the detected long-
chain structures, in vivo transformation of these compounds to other terminal 
endpoints, or simply levels below the detection limits applicable in this study.  
PFOS and PFCA concentrations across multiple tissues 
Concentrations of each analyte varied by tissue and habitat. PFOS was found 
at the highest mean concentration in most tissues where it was detected. It also 
made up the largest single percentage of the total sum concentration in most 
tissues (Fig. 2).  The abundance of PFOS is noted across multiple wildlife taxa 
due to its highly persistence and bioaccumulative nature. Considering birds from 
all habitats, the highest mean concentrations of PFOS were observed in liver, 
kidney, lungs, and blood across all habitats (Fig. 3). High PFOS abundances in 
these relative to other tissues has been reported in wildlife from regions 
unimpacted by PFOS point sources 9,10,15. PFOS was found in all CFRE tissues 
examined, and at the highest concentrations (up to 480 ng/g in blood) (Table S2). 
When grouped by tissue type solely considering CFRE birds, PFOS decreased in 
concentration according to: Kidney = Liver > Blood = Lungs > Brain > Heart > 
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Muscle > Fat. The abundance of PFOS in CFRE samples is likely related to high 
ambient levels of PFOS across the wider Cape Fear region, and has likewise been 
noted in fish and human samples from the region27–29.  
A total of 5 CFRE, 1 Massachusetts Bay, and 3 Narragansett Bay bird 
contained liver concentrations above the 140 ng/g female-specific avian toxicity 
references value (TRV)30, though it is unclear if reproductive impacts are 
occurring in these seabird populations due to data defiencies and potential 
differences in sensitivity to PFAS between avian species. No birds contained 
tissue residues above the overall avian TRV of 600 ng/g liver. TRVs are not 
available for specific avian tissues beyond liver, serum, and egg; this deficit 
stands as a large data gap as our dataset further demonstrates kidney, lungs, and 
brain act as reservoirs containing the highest mean concentrations of PFOS or 
other PFAS across multiple taxa (Fig. 3) 17,31.  
CFRE birds displayed the largest number of PFCA detections across multiple 
tissues (Fig. S2). PFUnDA was the most abundant PFCA found in liver, with a 
mean concentration of 10, 10, and 5 ng/g in CFRE, Massachusetts Bay, and 
Narraganset Bay livers, respectively (Table S2). PFTrDA was the most abundant 
PFCA detected in the lungs and brain of Massachusetts Bay individuals, at a mean 
concentration of 19 ng/g in both tissues. Elevated levels of this C13 PFCA solely 
in Massachusetts Bay individuals likely relates to their pelagic habits that entail 
disproportionate exposure to atmospherically transported precursor compounds 
that may oxidize in situ or in vivo to PFCAs32. Relatively high abundances of 
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long-chain PFCAs have been noted in other work investigating PFAS in remote 
wildlife3,33–35, as well as in other tissue-specific research8,13,15.  
PFEA concentrations across multiple tissues of CFRE birds 
PFEAs made up the largest single proportion of total PFAS in fat (54% in 
CFRE birds); PFEA levels in fat were dominated by Nafion BP2, but 
concentrations were overall low in fat compared to levels in other tissues (Fig. 3, 
Table S2). The highest PFEA levels were found in brain of CFRE individuals, 
with a maximum of 360 ng/g Nafion BP2 (Table S2). Mean concentrations of 
Nafion BP2 in blood from CFRE individuals (mean = 21 ng/ml) were 
approximately 70 times higher than Nafion BP2 levels observed in striped bass 
from the Cape Fear River (mean = 0.3 ng/ml)27, and about 7 times higher than 
Nafion BP2 levels observed in human serum from Wilmington, NC (median = 2.7 
ng/ml), a community where upstream industrial PFAS discharges in the Cape Fear 
River are known to impact finished drinking water36. These concentrations in 
CFRE bird blood are also approximately two orders of magnitude higher than 
concentrations observed in humans surrounding a fluoropolymer production site 
in China (median = 0.097 ng/ml), which were found to be associated with altered 
glucose, cholesterol, and other enzymes and proteins in human serum37.  
Mean PFO5DoDA concentrations in blood of CFRE chicks (mean = 27 
ng/ml) were about 90 times higher than concentrations measured in human serum 
from Wilmington residents (median = 0.3 ng/ml). Human populations in Cape 
Fear communities are exposed via air, drinking water, and any fish consumed 
from recreational fishing, while regional seabirds are wholly reliant on the 
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ecosystem for both food and water throughout the duration of their occupancy.  
Beyond differential reliance on the natural system, the higher observed 
concentrations of PFEAs in birds may be related to dose as a function of body 
weight and maternal offloading, with the smaller birds evidencing higher tissue 
concentrations when subjected to the same air/water dose.  
Relative body burdens by tissue and body weight 
We derived relative body burdens (RBBs) as the product of PFAS 
concentrations, organ weights, and total body weight (Eq. S1). The highest RBB 
of PFOS was found in liver, followed by blood and muscle (Fig. S2). In muscle, 
the high RBB of PFOS is driven by the large mass fraction of this component 
(~15 – 20% of total body weight) whereas in blood (~10% of total body weight) 
and liver (4 – 6% of total body weight) the large RBB is the product of the 
relatively large mass fraction of these compartments in tandem with the 
demonstrated affinity of PFOS for specific uptake mechanisms in these tissues 
including albumin, L-FABP, and membrane phospholipids17,19,38.  
RBBs observed in CFRE chicks suggest a chain-length dependence of PFCA 
accumulation in liver and brain (Fig. S2). C9 PFNA had the highest relative mass 
in liver, with decreasing relative mass with increasing chain length (Fig. S2). C12 
PFDoDA and C13 PFTrDA showed significantly decreased relative masses in liver 
and increased mass in brain compared to C9 – C11 PFCAs. Binding affinity of 
PFCAs with specific proteins in brain and blood-brain membrane transport 
pathways likely drives these trends. Binding displacement assays conducted using 
human liver fatty acid binding protein (L-FABP) suggest L-FABP interacts most 
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optimally with PFCAs that possess less than eleven carbon constituents, due to 
the rigidity of the fluorocarbon tail and the size of the L-FABP active site pocket 
19, while associations with phospholipid or pathways that act upon phospholipids 
have been shown to disproportionately prefer long-chain PFAAs, leading to 
increased concentrations of these in brain14,17 
The largest RBBs of Nafion BP2, PFO4DA, PFO5DoDA, and HFPO-DA 
were found in blood, driven by the large mass fraction of this compartment 
coupled to relatively high concentrations of PFEAs in whole blood (Fig. S2).  
Legacy and novel PFAS in brain 
10 compounds were detected in at least one brain sample and 8 detected in at 
least 50% of brain samples, demonstrating that multiple PFAS can migrate across 
the blood-brain barrier. PFOS displayed the highest mean concentration in brain, 
followed by Nafion BP2 >> PFUnDA > PFDA > PFTrDA = PFO5DoDA > 
PFDoA > PFO4DA (Table S2). PFCAs made up the largest fraction observed in 
brain (44% of total concentration across all birds), with PFUnDA found at the 
highest mean concentration, with mean concentrations of 13, 9, and 3 ng/g in 
brains from CFRE, Massachusetts Bay, and Narragansett Bay individuals, 
respectively. The dominance of PFCAs was particularly notable in bird brains 
from Massachusetts Bay and Narragansett Bay individuals in which [PFOS] was 
lower, with PFCAs constituting a mean of 57% of total concentrations observed 
in brains (n = 6) (Table S5). This implies PFOS uptake into brain tissue is less 
consistent compared to PFCA uptake into brain tissue, which showed consistent 
brain tissue uptake across variable and distinct habitat exposure scenarios. 
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Pairwise concentration comparison suggests PFTrDA is most preferentially taken 
up into the brain compared to structurally analogous C9 – C12 PFCAs (Table S3). 
These observations are in agreement with results from marine mammals 
demonstrating the preference of long-chain PFCAs in brain14, hypothesized to be 
driven by phospholipid-mediated uptake.  
Nafion byproduct-2, PFO4DA, and PFO5DoDA were all detected in brain 
tissue of individuals from the CFRE, with detection frequencies of 80%, 60%, and 
100% of brain samples, respectively. Migration across the blood-brain barrier 
(BBB) is highly restricted for ionic species like PFAAs and PFEAs, and is 
thought to occur via active transport pathways39. OATP1A2 is a key BBB influx 
transporter in mammals, and has been previously demonstrated to reject PFOA as 
a substrate40. Instead,  PFOA, PFNA, and PFDA inhibit uptake of the native 
substrate E3S by OATP1A2 when subjected to a mixture of C4-C12 PFCAs at a 
concentration of 100 uM40. However, empirical observations in marine mammals 
and birds demonstrate the presence of long-chain PFCAs, PFOS, and PFDS in 
brain tissue, suggesting BBB transport of PFCAs with C >9 or PFSAs with C ≥ 8 
is possible, whether by OATP1A2 or another unspecified transport pathway 
related to or mediated by phospholipid interactions9,13,14. Our data highlight that 
ether-based PFAS chemistries are also transported through this highly selective 
membrane.   
Our results represent the first evidence that PFEAs are able to migrate across 
the blood-brain barrier in vertebrate wild animals subject to environmentally 
relevant PFEA exposures. We note that shifts in production towards ether-based 
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PFAS may not translate to reduced tissue accumulation in vertebrate wildlife 
receptors like seabirds, nor a reduction in any associated adverse effects of PFAS 
given ether-based chemicals are readily transported to multiple body 
compartments and sensitive tissues such as the brain. Data from polar bears16, 
frogs41, and mice42 suggest some legacy PFAS (PFOS, PFCAs) are associated 
with alterations of neurochemical signaling and proteins critical for brain 
development, with uncertain long-term implications. Modeling suggests ether-
based PFAS have similar or higher toxic potency compared to PFAAs43. Further 
research is required to examine PFEA impacts in the brain, given their proven 
ability to migrate into this tissue compartment. 
Decreased preference of PFO5DoDA for brain 
Concentration ratios facilitate the evaluation of compound partitioning 
between different tissues. While tissue concentrations are determined by exposure 
levels, distribution among organs probably reflects multiple pathways of varying 
importance. This leads to similar ratios between tissues subject to similar 
exposure and distribution pathways and divergent ratios between tissues subject to 
dissimilar PFAS exposure. Using ratios, we note that PFO5DoDA, a PFOA 
substitute with a backbone incorporating 6 carbons and 5 oxygens in ether 
linkages, partitions differently in brain than in other tissues when contrasted with 
PFUnDA, PFTrDA, PFOS, and Nafion BP2 (Fig. 4, Table S3). 
This suggests a combination of structural features, such as the inclusion of 
multiple ether linkages (>2) that increase backbone flexibility, the molecular size 
of PFO5DoDA (11-member backbone), and/or the -COOH head group, reduce 
   
 
 192 
transport across the BBB compared to other examined PFAAs and the PFESA 
Nafion BP2. We consider the ether-linkages, molecular size, and/or increased 
backbone flexibility of PFO5DoDA to be the most important features for its 
accumulation in brain, given that the -COOH functional group is also present in 
long-chain PFCAs that preferentially partition to brain. The ether-based chemicals 
distribute across most other tissues in a similar manner as long-chain PFAA 
analogues, with a preference for blood and kidney apparent in some comparisons 
(Table S3).  
Relative sorption strength of PFEAs to proteins 
The high PFAS concentrations observed in blood suggests albumin may offer 
increased binding opportunity for PFEAs via its multiple binding sites with 
distinct binding affinities that favor a range of PFAS chain lengths and functional 
groups44,45. The flexible binding opportunities afforded by albumin is in contrast 
to the chain-length and charge-mediated interactions between PFAAs and the 
primary binding site of L-FABP19. Binding of PFCAs and PFSAs within the 
primary L-FABP cavity has been demonstrated to heavily rely on hydrophobic 
interactions, which may be altered with PFEAs that incorporate multiple ether 
linkages associated with alterations in dipole distribution45.  
Quantum chemical calculations performed via COSMOconf/TURBOMOLE 
confirm differences in surface charge density between the lowest energy PFEA 
conformations compared to their respective PFAA homologues (Table S7). 
Nafion BP2 possessed increased probabilities of positive surface charge density 
compared to PFOS, and reduced probabilities of neutral surface charge; given the 
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sensitivity of binding cavity interactions to charge, we hypothesize that reduced 
ability to engage in hydrophobic interactions may help explain the reduced 
presence of Nafion BP2 in liver compared to blood. However, PFO5DoDA 
possessed an increased probability of neutral surface charge compared to PFOA, 
but was found at higher concentrations in blood compared to liver. Steric effects 
may drive differences in binding of PFO5DoDA to L-FABP compared to C8 - 
C10 PFAAs, which were found at higher concentrations in liver compared to 
blood in CFRE individuals. Sheng et al. (2018) found that several ether- and 
chlorine-containing emerging PFAS were structurally distorted during the binding 
process in orientations distinct from the “head-out” binding observed for PFAAs; 
they also interacted with a different suite of amino acid residues46.  
Based on both calculated and observational results, we suggest multi-ether 
PFEAs engage with the L-FABP active site in a way distinct from the structural 
deformation and binding interactions observed between L-FABP and long-chain 
PFAAs. These differences may reduce the favorability of interaction in the 
primary L-FABP cavity, leading to reduced liver concentrations compared to 
blood (Figs. S2, S3). Alternatively, phospholipid binding is an additionally 
important mechanism driving PFAS accumulation in liver, in tandem with L-
FABP interactions18. The multi-ether PFAS, with altered electron densities or 
conformational behavior compared to PFAAs, may be less likely to engage with 
uptake pathways that favor phospholipid-like species with a distinctly 
hydrophobic tail and a hydrophilic head group. Little research to date has 
examined the binding behavior of multi-ether PFEAs, which is needed 
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considering their burgeoning environmental relevance and continued 
incorporation in industrial processes.  
Implications 
This study documents the presence of PFAAs and PFEAs in multiple tissues 
and organs of chick and juvenile seabirds, including the first documentation of 
PFEAs in brain. Multi-ether PFEAs were most abundant in blood rather than 
liver, suggesting compounds containing multiple ether linkages may find more 
flexible binding sites within serum albumin compared to the primary active site of 
L-FABP. These important findings contribute to the prediction and testing of 
potential adverse effects and mechanisms related to PFAS in avian kidney, lungs, 
and brain.  This work also provides the first estimates of PFEA internal 
distribution behavior in vertebrate wildlife with implications for other systems 
and receptors subject to similar environmental PFEA exposures due to ongoing 
production and use of these compounds. Overall, we caution that an industrial 
switch to PFEAs is unlikely to lead to reduced bioaccumulation in vertebrate 
wildlife (or humans for that matter), and is cause for concern and continued 
investigation. Our results reinforce the benefits of using birds as sentinels of 
bioaccumulation and their utility to better understand internal distributions of 
emerging and legacy PFAS, and identify target tissues of concern.  
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TABLES AND FIGURES 
 
Figure 4.1. Detection frequencies by habitat and tissue type, including 15 
compounds that were found at least two samples. See SI for compound 
abbreviation definitions.  




Figure 4.2. Mean percentages of three subclasses of PFAS observed in eight 
tissues, averaged across all habitats (left) and solely considering CFRE 
individuals (right). Percentages reported reflect the concentration of the given 
PFAS group, divided by the total concentration (in ng/g) observed in a given 
tissue. The proportion of PFSA in each tissue is majorly dominated by PFOS. 
PFEA proportions are driven by Nafion BP2. Proportions stratified by habitat and 
compound are presented in the SI, along with relative mass weighted proportions.  




Figure 4.3. Mean concentrations and standard errors of each compound, observed 
in eight tissues, stratified by habitat as indicated by point and line color.  




Figure 4.4. Ratios of PFAS concentrations in six tissues from CFRE individuals, 
with A) presenting concentrations of PFO5DoDA divided by PFUnDA and B) 
presenting concentrations of Nafion BP2 divided by concentrations of 
PFO5DoDA. The blue line within each box plot indicates the arithmetic mean 
while the black line indicates the median. The box hinges represent the first and 
third quartiles, and the whiskers indicate 1.5 times the interquartile range. Outliers 
are indicated by black dots. The red line indicates the mean of each concentration 
ratio including all tissues except brain. Common letters above each boxplot 
indicate tissues that share statistically indistinguishable concentration ratios as 
determined using Tukey’s post-hoc test.  





TISSUE-SPECIFIC DISTRIBUTION OF LEGACY AND NOVEL PER- AND 
POLYFLUOROALKYL SUBSTANCES IN JUVENILE SEABIRDS  
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This document contains 3 figures and 7 tables  
 
Chemicals, reagents, and materials. Analytical standards of greater than 99.9% 
purity, including mass-labeled surrogates, were purchased from Wellington 
Laboratories (Guelph, ON, Canada). Native Nafion BP2 and PFO5DoDA were 
provided by Chemours (Fayetteville, NC) in lieu of a commercial source. HPLC 
grade methanol, acetonitrile, and formic acid were purchased from Fisher 
Scientific (Waltham, MA, USA). Ultrapure water for equipment cleaning was 
obtained from a Milli-Q system fit with an HPLC water polisher or via HPLC 
grade water purchased from Fisher Scientific (Waltham, MA, USA). Ammonium 
formate was purchased from Fisher Scientific (Waltham, MA, USA).  
Sample collection details. All birds were obtained opportunistically for use in 
this study, and no birds were killed for the purposes of this study. Birds were 
collected and stored in accordance with URI Biosafety standards and the 
Migratory Bird Treaty Act.  
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Dead Great Shearwater juveniles (Ardenna gravis) were obtained as bycatch 
from the National Oceanic and Atmospheric Administration (NOAA) Northeast 
Fisheries Observer Program (Falmouth, MA). Dead Herring Gull (Larus 
argentatus smithsonianus) chicks were obtained from the Wildlife Clinic of Rhode 
Island (Narragansett, RI). Dead Royal Tern (Thalasseus maximus), Sandwich 
Tern (Thalasseus sandvicensis), Laughing Gull (Leucophaeus atricilla), and 
Brown Pelican (Pelecanus occidentalis) chicks were obtained as part of routine 
field and nest surveys conducted by North Carolina Audubon (Wilmington, NC).  
 
 
Figure S4.1. Map of the US Atlantic East Coast. Insets provide further detail 
about collection locations of from each habitat. Great shearwaters were collected 
as bycatch in Massachusetts Bay and off Cape Cod, designated as NOAA 
Fisheries Stat Areas 514 and 521. Stellwagen Bank National Marine Sanctuary, a 
key foraging area for Great shearwaters, is outlined in white and indicated as 
“SB” in the top right inset. Herring gull chicks came from nests located in 
Narragansett, RI and Newport, RI. The bottom inset shows the Cape Fear River 
and Estuary system, located in southeastern NC. A Chemours facility is located 
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near Fayetteville, NC, designated on the map as a white star. The red box 
indicates the lower river and estuary portion of the system; CFRE chicks were 
hatched on dredge islands near the mouth of the estuary.  
 
 
The rationale supporting the use of similar seabird species to discuss 
bioaccumulation was presented elsewhere1.  
Sample preparation for HRMS. A tissue aliquot was diluted with three parts 
water and homogenized to a uniform slurry. An aliquot of homogenate was 
diluted 4:1 with 0.1M formic acid and vortexed for 30 seconds. The denatured 
extract was further diluted 5:1 with cold acetonitrile and centrifuged for 5 min at 
10000 rpm. An aliquot of the supernatant was removed and combined with dilute 
ammonium formate buffer (2.5mM) to obtain a final sample extract ratio of 3 
parts aqueous: 1 part organic extract.  
HRMS analysis. 100 ul of sample was injected, and chromatographic separation 
achieved using a Vanquish UPLC system equipped with an Accucore 100 mm 
reverse-phase C18 column, at a flow rate of 300 ul/min. Mobile phase 
constituents included Solvent A (95:5 water: acetonitrile) and Solvent B (95:5 
acetonitrile: water). Mobile phase gradient is detailed in Table S11. Nafion 
byproduct 2 (Nafion BP2, or 2-[1-[difluoro(1,2,2,2-tetrafluoroethoxy)methyl]-
1,2,2,2-tetrafluoroethoxy]-1,1,2,2-tetrafluoro-ethanesulfonic acid) and 
PFO5DoDA (2,2,4,4,6,6,8,8,10,10,12,12,12-Tridecafluoro-3,5,7,9,11-
pentaoxadodecanoic acid) were identified with authentic native standards, while 
PFO4DA (perfluoro-3,5,7,9-tetraoxadecanoic acid), PFMA (2,3,3,3-tetrafluoro-2-
(trifluoromethoxy)-propanoic acid), PFO2HxA (perfluoro-3,5-dioxahexanoic 
acid), PEPA (Perfluoro-2-ethoxypropanoic acid), PFO3OA (Perfluoro(3,5,7-
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trioxaoctanoic) acid),  NVHOS (1,1,2,2-tetrafluoro-2-(1,2,2,2-tetrafluoro- 
ethoxy)ethane sulfonic acid), Nafion byproduct 4 (2,2,3,3,4,5,5,5-4-(1,1,2,2-
tetrafluoro-2- sulfoethoxy) pentanoic acid), Nafion byproduct 1 (2-[1-
[difluoro[(1,2,2-trifluoroethenyl)oxy]methyl]-1,2,2,2-tetrafluoroethoxy]-1,1,2,2-
tetrafluoro-ethanesulfonic acid) and PFECHS (perfluoro-4-
ethylcyclohexanesulfonate) were detected using previous accurate mass 
assessment information1. PFAS were detected using a Thermo Orbitrap Fusion 
mass spectrometer using heated electrospray ionization in negative mode (Thermo 
Fisher Scientific, Waltham, MA, USA). Full scan accurate mass spectra were 
acquired from 70 to 700 Da with a resolving power of 120,000 Rs for MS1 and at 
30,000 Rs for MS2, and a mass accuracy of ±5 ppm. Data-dependent acquisition 
was carried out to acquire MS/MS of select features at a resolving power of 
30000. The ion transfer tube was set at 250°C and vaporizer temp set at 30 °C. 
Interference from the tissue matrix prevented the use of the Fusion internal lock 
mass in this experimental method. Data acquisition and analysis was performed 
using Xcalibur and Compound Discoverer software (Thermo Fisher Scientific, 
Waltham, MA, USA). 
Quality Assurance and Quality Control 
Six-point, processed and matrix-matched calibration curves were prepared. 
Curve preparation entailed taking multiple aliquots of “blank” liver tissue (from 
the same batch of slurried tissue confirmed to be mostly clean of PFAS by HRMS 
analysis) through each extraction in its entirety. The matrix-matched approach or 
another approach to account for matrix effects is vital to account for the influence 
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or interference of biological co-eluents on PFAS response and derived 
concentrations2,3.  
HRMS curve points were spiked before extraction, and therefore recovery-
corrected all subsequent quantitation; these curve points ranged from 0.05 -10 
ng/ml. PFOS was consistently found in organic chicken liver samples, and thus 
the curve was corrected for background levels of PFOS by subtracting the 
average of measured background samples (n = 6) from PFOS responses measured 
in curve point samples. All calibration curves used for quantitation demonstrated 
an R2 ≥ 0.98, with most demonstrating an R2 ≥ 0.99.  
During HRMS analysis, duplicate process blanks using formic acid and 
acetonitrile were prepared daily with each sample set, for a total of 8 process 
blanks. Process blanks were used to identify contamination introduced via sample 
preparation and instrument background signal. Mobile phase blanks were injected 
between different types of samples and different tissue types to monitor 
instrumental background noise and any carryover between samples. No 
contamination of emerging PFAS was apparent in process blanks; HFPO-DA and 
several other legacy PFCAs displayed high levels of instrumental background 
noise as displayed in instrumental blanks and process blanks. No significant 
background noise was apparent for Nafion BP2, PFO5DoDA, or PFO4DA, the 
three PFEAs of interest reported here using HRMS analysis. Samples were 
analyzed in four batches, and curve stability monitored between runs. Curve 
responses at all levels varied less than 4% across all four runs for the three PFEAs 
reported using HRMS measurements in this analysis.  
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Quantification of emerging compounds via HRMS was limited to those 
samples above the linear range of the calibration curve; the method reporting limit 
was determined by comparison to blank values plus three times the standard 
deviation of blank responses or the lowest calibration curve point. Samples below 
method detection limits were assumed to be zero for summation purposes.  
PFOS concentrations were previously measured in liver via both HRMS and 
LC-MS/MS for parity1, and HRMS results were generally found to be within 30% 
of LC-MS/MS results and all were within an order of magnitude. Duplicate 
samples were processed for each tissue matrix, and were found to be within 40% 
of each other, with most samples within 15% of each other.  
Relative body burdens 
Relative body burdens (RBBs) were calculated, based on an equation modified 
from Shi et al. following Equation 14:  
Equation 1:  
 
Tissue weights and body weights were measured for each organ in each 
individual. Organ weights that could not be completely measured (blood, fat, 
muscle) were approximated based on literature values or estimates for seabirds or 
other avifauna.  
 




Figure S4.2. RBBs by habitat. Relative body burdens (RBBs) of each PFAS by 
tissue compartment, stratified by habitat.  
 




Figure S4.3. TBRs by Habitat. Tissue-blood ratios of each PFAS by tissue 
compartment; point color denotes habitat, while the black bars delineate the 
standard error of the mean.   




Figure S4.4. Proportions by Tissue. Mean percentages of three subclasses of 
PFAS observed in eight tissues, averaged across all habitats (left) and solely 
considering CFRE individuals (right). Percentages reported reflect the 
concentration of the given PFAS group, divided by the total concentration (in 
ng/g) observed in a given tissue. The proportion of PFSA in each tissue is majorly 
dominated by PFOS. PFEA proportions are driven by Nafion BP2. Proportions 
stratified by habitat and compound are presented in the SI, along with relative 
mass weighted proportions.  
  




Table S.4.1. Table presenting summary statistics of the sum PFAS in each tissue, 






















































































































































































































































































































































































































































































































Table S4.2. Table presenting summary statistics of the each PFAS identified in at 
least one tissue in eight different tissues, stratified by habitat. 
  
Tissue Habitat Compound Mean Std. Dev. Std. Error Min Max Tissue Habitat Compound Mean Std. Dev. Std. Error Min Max
Blood CFRE HFPO-DA 2.7 4.7 1.4 0.0 1.7 Kidney CFRE PFHxS 2.3 6.4 2.3 0.0 18.1
Blood Mass. Bay HFPO-DA 0.0 0.0 0.0 0.0 0.0 Kidney Mass. Bay PFHxS 0.0 0.0 0.0 0.0 0.0
Blood Narra. Bay HFPO-DA 1.8 3.1 1.8 0.0 5.3 Kidney Narra. Bay PFHxS 0.0 0.0 0.0 0.0 0.0
Brain CFRE HFPO-DA 0.0 0.0 0.0 0.0 0.0 Liver CFRE PFHxS 1.3 2.3 0.6 0.0 6.5
Brain Mass. Bay HFPO-DA 0.0 0.0 0.0 0.0 0.0 Liver Mass. Bay PFHxS 1.4 3.2 1.0 0.0 9.5
Brain Narra. Bay HFPO-DA 0.0 0.0 0.0 0.0 0.0 Liver Narra. Bay PFHxS 9.0 28.4 9.0 0.0 89.7
Fat CFRE HFPO-DA 0.0 0.0 0.0 0.0 0.0 Lungs CFRE PFHxS 0.0 0.0 0.0 0.0 0.0
Fat Mass. Bay HFPO-DA 0.0 0.0 0.0 0.0 0.0 Lungs Mass. Bay PFHxS 0.0 0.0 0.0 0.0 0.0
Fat Narra. Bay HFPO-DA 0.0 NA NA 0.0 0.0 Lungs Narra. Bay PFHxS 1.6 2.7 1.6 0.0 4.7
Heart CFRE HFPO-DA 0.0 0.0 0.0 0.0 0.0 Muscle CFRE PFHxS 0.9 2.3 0.7 0.0 7.4
Heart Mass. Bay HFPO-DA 1.4 2.8 1.4 0.0 5.5 Muscle Mass. Bay PFHxS 0.0 0.0 0.0 0.0 0.0
Heart Narra. Bay HFPO-DA 0.0 0.0 0.0 0.0 0.0 Muscle Narra. Bay PFHxS 25.2 43.7 25.2 0.0 75.7
Kidney CFRE HFPO-DA 0.0 0.0 0.0 0.0 0.0 Blood CFRE PFNA 1.6 4.0 1.2 0.0 12.8
Kidney Mass. Bay HFPO-DA 1.1 2.1 1.1 0.0 4.3 Blood Mass. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Kidney Narra. Bay HFPO-DA 0.0 0.0 0.0 0.0 0.0 Blood Narra. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Liver CFRE HFPO-DA 0.0 0.0 0.0 0.0 0.0 Brain CFRE PFNA 0.0 0.0 0.0 0.0 0.0
Liver Mass. Bay HFPO-DA 0.0 0.0 0.0 0.0 0.0 Brain Mass. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Liver Narra. Bay HFPO-DA 1.3 4.0 1.3 0.0 12.6 Brain Narra. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Lungs CFRE HFPO-DA 0.0 0.0 0.0 0.0 0.0 Fat CFRE PFNA 0.0 0.0 0.0 0.0 0.0
Lungs Mass. Bay HFPO-DA 0.0 0.0 0.0 0.0 0.0 Fat Mass. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Lungs Narra. Bay HFPO-DA 0.0 0.0 0.0 0.0 0.0 Fat Narra. Bay PFNA 0.0 NA NA 0.0 0.0
Muscle CFRE HFPO-DA 0.0 0.0 0.0 0.0 0.0 Heart CFRE PFNA 1.4 1.8 0.5 0.0 4.1
Muscle Mass. Bay HFPO-DA 0.0 0.0 0.0 0.0 0.0 Heart Mass. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Muscle Narra. Bay HFPO-DA 0.0 0.0 0.0 0.0 0.0 Heart Narra. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Blood CFRE Nafion BP2 20.9 31.5 9.5 0.0 90.7 Kidney CFRE PFNA 4.1 2.2 0.8 0.0 7.2
Blood Mass. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Kidney Mass. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Blood Narra. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Kidney Narra. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Brain CFRE Nafion BP2 66.2 118.9 37.6 0.0 356.6 Liver CFRE PFNA 8.2 6.1 1.6 3.2 22.4
Brain Mass. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Liver Mass. Bay PFNA 5.0 9.4 2.8 0.0 31.9
Brain Narra. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Liver Narra. Bay PFNA 5.9 7.3 2.3 0.0 21.4
Fat CFRE Nafion BP2 10.6 8.1 3.6 0.0 22.2 Lungs CFRE PFNA 3.1 2.1 0.8 0.0 6.7
Fat Mass. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Lungs Mass. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Fat Narra. Bay Nafion BP2 0.0 NA NA 0.0 0.0 Lungs Narra. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Heart CFRE Nafion BP2 27.9 52.2 15.1 0.0 165.5 Muscle CFRE PFNA 1.0 1.8 0.5 0.0 4.8
Heart Mass. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Muscle Mass. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Heart Narra. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Muscle Narra. Bay PFNA 0.0 0.0 0.0 0.0 0.0
Kidney CFRE Nafion BP2 6.9 6.1 2.2 0.0 17.5 Blood CFRE PFNS 0.0 0.0 0.0 0.0 0.0
Kidney Mass. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Blood Mass. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Kidney Narra. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Blood Narra. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Liver CFRE Nafion BP2 15.1 28.4 7.3 0.0 112.8 Brain CFRE PFNS 0.0 0.0 0.0 0.0 0.0
Liver Mass. Bay Nafion BP2 2.2 7.2 2.2 0.0 24.0 Brain Mass. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Liver Narra. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Brain Narra. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Lungs CFRE Nafion BP2 3.7 3.3 1.2 0.0 9.7 Fat CFRE PFNS 0.0 0.0 0.0 0.0 0.0
Lungs Mass. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Fat Mass. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Lungs Narra. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Fat Narra. Bay PFNS 0.0 NA NA 0.0 0.0
Muscle CFRE Nafion BP2 13.7 20.8 6.0 0.0 67.5 Heart CFRE PFNS 0.0 0.0 0.0 0.0 0.0
Muscle Mass. Bay Nafion BP2 5.9 11.8 5.9 0.0 23.6 Heart Mass. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Muscle Narra. Bay Nafion BP2 0.0 0.0 0.0 0.0 0.0 Heart Narra. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Blood CFRE PFBA 0.0 0.0 0.0 0.0 0.0 Kidney CFRE PFNS 0.0 0.0 0.0 0.0 0.0
Blood Mass. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Kidney Mass. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Blood Narra. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Kidney Narra. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Brain CFRE PFBA 0.0 0.0 0.0 0.0 0.0 Liver CFRE PFNS 0.0 0.0 0.0 0.0 0.0
Brain Mass. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Liver Mass. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Brain Narra. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Liver Narra. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Fat CFRE PFBA 0.0 0.0 0.0 0.0 0.0 Lungs CFRE PFNS 0.0 0.0 0.0 0.0 0.0
Fat Mass. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Lungs Mass. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Fat Narra. Bay PFBA 0.0 NA NA 0.0 0.0 Lungs Narra. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Heart CFRE PFBA 0.0 0.0 0.0 0.0 0.0 Muscle CFRE PFNS 0.0 0.0 0.0 0.0 0.0
Heart Mass. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Muscle Mass. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Heart Narra. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Muscle Narra. Bay PFNS 0.0 0.0 0.0 0.0 0.0
Kidney CFRE PFBA 0.0 0.0 0.0 0.0 0.0 Blood CFRE PFO4DA 0.5 0.6 0.2 0.0 2.2
Kidney Mass. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Blood Mass. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Kidney Narra. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Blood Narra. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Liver CFRE PFBA 0.0 0.0 0.0 0.0 0.0 Brain CFRE PFO4DA 0.5 0.6 0.2 0.0 1.6
Liver Mass. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Brain Mass. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Liver Narra. Bay PFBA 1.3 4.2 1.3 0.0 13.4 Brain Narra. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Lungs CFRE PFBA 0.0 0.0 0.0 0.0 0.0 Fat CFRE PFO4DA 0.0 0.0 0.0 0.0 0.0
Lungs Mass. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Fat Mass. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Lungs Narra. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Fat Narra. Bay PFO4DA 0.0 NA NA 0.0 0.0
Muscle CFRE PFBA 0.0 0.0 0.0 0.0 0.0 Heart CFRE PFO4DA 0.4 0.3 nd8705769039841020.0 1.0
Muscle Mass. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Heart Mass. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Muscle Narra. Bay PFBA 0.0 0.0 0.0 0.0 0.0 Heart Narra. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Blood CFRE PFBS 0.8 2.6 0.8 0.0 8.8 Kidney CFRE PFO4DA 0.4 0.3 0.1 0.0 0.9
Blood Mass. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Kidney Mass. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Blood Narra. Bay PFBS 9.2 15.9 9.2 0.0 27.6 Kidney Narra. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Brain CFRE PFBS 0.0 0.0 0.0 0.0 0.0 Liver CFRE PFO4DA 0.2 0.2 0.1 0.0 0.6
Brain Mass. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Liver Mass. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Brain Narra. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Liver Narra. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Fat CFRE PFBS 0.0 0.0 0.0 0.0 0.0 Lungs CFRE PFO4DA 0.3 0.3 0.1 0.0 0.6
Fat Mass. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Lungs Mass. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Fat Narra. Bay PFBS 0.0 NA NA 0.0 0.0 Lungs Narra. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Heart CFRE PFBS 0.0 0.0 0.0 0.0 0.0 Muscle CFRE PFO4DA 0.3 0.3 nd7959487395805540.0 0.8
Heart Mass. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Muscle Mass. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Heart Narra. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Muscle Narra. Bay PFO4DA 0.0 0.0 0.0 0.0 0.0
Kidney CFRE PFBS 0.0 0.0 0.0 0.0 0.0 Blood CFRE PFO5DoDA 27.3 25.1 7.6 5.8 89.7
Kidney Mass. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Blood Mass. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Kidney Narra. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Blood Narra. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Liver CFRE PFBS 0.0 0.0 0.0 0.0 0.0 Brain CFRE PFO5DoDA 7.7 7.7 2.4 2.1 25.0
Liver Mass. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Brain Mass. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Liver Narra. Bay PFBS 15.9 50.3 15.9 0.0 159.0 Brain Narra. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Lungs CFRE PFBS 0.0 0.0 0.0 0.0 0.0 Fat CFRE PFO5DoDA 4.6 8.4 3.7 0.0 19.3
Lungs Mass. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Fat Mass. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Lungs Narra. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Fat Narra. Bay PFO5DoDA 0.0 NA NA 0.0 0.0
Muscle CFRE PFBS 0.0 0.0 0.0 0.0 0.0 Heart CFRE PFO5DoDA 19.1 12.3 3.6 4.7 42.7
Muscle Mass. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Heart Mass. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Muscle Narra. Bay PFBS 0.0 0.0 0.0 0.0 0.0 Heart Narra. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Blood CFRE PFDA 15.0 21.1 6.4 0.0 64.3 Kidney CFRE PFO5DoDA 24.5 14.0 4.9 9.9 54.6
Blood Mass. Bay PFDA 0.0 0.0 0.0 0.0 0.0 Kidney Mass. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Blood Narra. Bay PFDA 5.9 10.3 5.9 0.0 17.8 Kidney Narra. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Brain CFRE PFDA 9.7 6.5 2.0 3.5 21.8 Liver CFRE PFO5DoDA 13.1 6.9 1.8 5.0 26.8
Brain Mass. Bay PFDA 0.0 0.0 0.0 0.0 0.0 Liver Mass. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Brain Narra. Bay PFDA 0.0 0.0 0.0 0.0 0.0 Liver Narra. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Fat CFRE PFDA 3.0 6.7 3.0 0.0 14.9 Lungs CFRE PFO5DoDA 17.0 7.9 3.0 9.4 26.6
Fat Mass. Bay PFDA 0.0 0.0 0.0 0.0 0.0 Lungs Mass. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Fat Narra. Bay PFDA 0.0 NA NA 0.0 0.0 Lungs Narra. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Heart CFRE PFDA 10.0 4.7 1.4 0.0 16.5 Muscle CFRE PFO5DoDA 10.8 6.8 2.0 2.9 27.4
Heart Mass. Bay PFDA 0.0 0.0 0.0 0.0 0.0 Muscle Mass. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Heart Narra. Bay PFDA 0.0 0.0 0.0 0.0 0.0 Muscle Narra. Bay PFO5DoDA 0.0 0.0 0.0 0.0 0.0
Kidney CFRE PFDA 17.7 7.7 2.7 6.7 31.1 Blood CFRE PFOA 0.0 0.0 0.0 0.0 0.0
Kidney Mass. Bay PFDA 0.0 0.0 0.0 0.0 0.0 Blood Mass. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Kidney Narra. Bay PFDA 0.0 0.0 0.0 0.0 0.0 Blood Narra. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Liver CFRE PFDA 18.5 12.6 3.3 6.7 41.5 Brain CFRE PFOA 0.0 0.0 0.0 0.0 0.0
Liver Mass. Bay PFDA 1.1 2.0 0.6 0.0 5.9 Brain Mass. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Liver Narra. Bay PFDA 9.9 25.3 8.0 0.0 81.5 Brain Narra. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Lungs CFRE PFDA 13.5 8.8 3.3 7.4 32.9 Fat CFRE PFOA 0.0 0.0 0.0 0.0 0.0
Lungs Mass. Bay PFDA 0.0 0.0 0.0 0.0 0.0 Fat Mass. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Lungs Narra. Bay PFDA 3.1 2.8 1.6 0.0 5.6 Fat Narra. Bay PFOA 0.0 NA NA 0.0 0.0
Muscle CFRE PFDA 7.1 3.8 1.1 0.0 13.9 Heart CFRE PFOA 0.0 0.0 0.0 0.0 0.0
Muscle Mass. Bay PFDA 0.0 0.0 0.0 0.0 0.0 Heart Mass. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Muscle Narra. Bay PFDA 1.9 3.3 1.9 0.0 5.7 Heart Narra. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Blood CFRE PFDoA 3.9 6.8 2.1 0.0 19.2 Kidney CFRE PFOA 0.0 0.0 0.0 0.0 0.0
Blood Mass. Bay PFDoA 0.0 0.0 0.0 0.0 0.0 Kidney Mass. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Blood Narra. Bay PFDoA 1.5 2.6 1.5 0.0 4.5 Kidney Narra. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Brain CFRE PFDoA 4.9 4.4 1.4 0.0 13.7 Liver CFRE PFOA 0.0 0.0 0.0 0.0 0.0
Brain Mass. Bay PFDoA 3.7 0.5 0.3 3.2 4.1 Liver Mass. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Brain Narra. Bay PFDoA 0.0 0.0 0.0 0.0 0.0 Liver Narra. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Fat CFRE PFDoA 0.0 0.0 0.0 0.0 0.0 Lungs CFRE PFOA 0.0 0.0 0.0 0.0 0.0
Fat Mass. Bay PFDoA 0.0 0.0 0.0 0.0 0.0 Lungs Mass. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Fat Narra. Bay PFDoA 0.0 NA NA 0.0 0.0 Lungs Narra. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Heart CFRE PFDoA 1.3 1.7 0.5 0.0 4.2 Muscle CFRE PFOA 0.0 0.0 0.0 0.0 0.0
Heart Mass. Bay PFDoA 0.0 0.0 0.0 0.0 0.0 Muscle Mass. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Heart Narra. Bay PFDoA 0.0 0.0 0.0 0.0 0.0 Muscle Narra. Bay PFOA 0.0 0.0 0.0 0.0 0.0
Kidney CFRE PFDoA 3.1 3.0 1.0 0.0 7.8 Blood CFRE PFOS 123.0 162.4 49.0 20.5 479.3
Kidney Mass. Bay PFDoA 0.0 0.0 0.0 0.0 0.0 Blood Mass. Bay PFOS 10.3 9.2 5.3 0.0 17.8
Kidney Narra. Bay PFDoA 0.0 0.0 0.0 0.0 0.0 Blood Narra. Bay PFOS 25.6 22.2 12.8 0.0 39.9
Liver CFRE PFDoA 2.0 2.4 0.6 0.0 6.8 Brain CFRE PFOS 95.7 78.2 24.7 30.5 245.1
Liver Mass. Bay PFDoA 0.6 1.9 0.6 0.0 6.2 Brain Mass. Bay PFOS 10.6 2.4 1.4 7.9 12.2
Liver Narra. Bay PFDoA 1.8 3.3 1.0 0.0 7.9 Brain Narra. Bay PFOS 0.0 0.0 0.0 0.0 0.0
Lungs CFRE PFDoA 4.0 3.6 1.4 0.0 11.6 Fat CFRE PFOS 35.0 58.9 26.3 0.0 139.1
Lungs Mass. Bay PFDoA 3.5 6.0 3.0 0.0 12.5 Fat Mass. Bay PFOS 0.0 0.0 0.0 0.0 0.0
Lungs Narra. Bay PFDoA 1.2 2.2 1.2 0.0 3.7 Fat Narra. Bay PFOS 0.0 NA NA 0.0 0.0
Muscle CFRE PFDoA 1.3 1.7 0.5 0.0 4.2 Heart CFRE PFOS 78.2 31.5 9.1 41.5 147.6
Muscle Mass. Bay PFDoA 0.0 0.0 0.0 0.0 0.0 Heart Mass. Bay PFOS 7.5 8.8 4.4 0.0 17.1
Muscle Narra. Bay PFDoA 0.0 0.0 0.0 0.0 0.0 Heart Narra. Bay PFOS 0.0 0.0 0.0 0.0 0.0
Blood CFRE PFDS 0.0 0.0 0.0 0.0 0.0 Kidney CFRE PFOS 150.5 70.8 25.0 55.7 255.8
Blood Mass. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Kidney Mass. Bay PFOS 19.8 2.9 1.4 15.6 21.9
Blood Narra. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Kidney Narra. Bay PFOS 15.9 16.2 9.3 0.0 32.3
Brain CFRE PFDS 0.8 1.8 0.6 0.0 5.2 Liver CFRE PFOS 146.7 106.5 27.5 58.1 384.0
Brain Mass. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Liver Mass. Bay PFOS 34.2 14.2 4.3 20.3 62.7
Brain Narra. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Liver Narra. Bay PFOS 114.0 115.7 36.6 30.9 380.7
Fat CFRE PFDS 0.0 0.0 0.0 0.0 0.0 Lungs CFRE PFOS 114.6 66.9 25.3 62.2 258.5
Fat Mass. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Lungs Mass. Bay PFOS 31.3 32.8 16.4 12.0 80.1
Fat Narra. Bay PFDS 0.0 NA NA 0.0 0.0 Lungs Narra. Bay PFOS 16.1 7.3 4.2 9.9 24.2
Heart CFRE PFDS 0.0 0.0 0.0 0.0 0.0 Muscle CFRE PFOS 64.1 38.1 11.0 19.7 136.1
Heart Mass. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Muscle Mass. Bay PFOS 0.0 0.0 0.0 0.0 0.0
Heart Narra. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Muscle Narra. Bay PFOS 10.1 10.2 5.9 0.0 20.5
Kidney CFRE PFDS 0.7 1.4 0.5 0.0 3.6 Blood CFRE PFPeA 1.8 5.8 1.8 0.0 19.4
Kidney Mass. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Blood Mass. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Kidney Narra. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Blood Narra. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Liver CFRE PFDS 0.2 0.9 0.2 0.0 3.5 Brain CFRE PFPeA 0.0 0.0 0.0 0.0 0.0
Liver Mass. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Brain Mass. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Liver Narra. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Brain Narra. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Lungs CFRE PFDS 0.7 1.8 0.7 0.0 4.8 Fat CFRE PFPeA 0.0 0.0 0.0 0.0 0.0
Lungs Mass. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Fat Mass. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Lungs Narra. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Fat Narra. Bay PFPeA 0.0 NA NA 0.0 0.0
Muscle CFRE PFDS 0.0 0.0 0.0 0.0 0.0 Heart CFRE PFPeA 0.0 0.0 0.0 0.0 0.0
Muscle Mass. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Heart Mass. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Muscle Narra. Bay PFDS 0.0 0.0 0.0 0.0 0.0 Heart Narra. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Blood CFRE PFHpA 0.0 0.0 0.0 0.0 0.0 Kidney CFRE PFPeA 1.2 3.4 1.2 0.0 9.7
Blood Mass. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Kidney Mass. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Blood Narra. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Kidney Narra. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Brain CFRE PFHpA 0.0 0.0 0.0 0.0 0.0 Liver CFRE PFPeA 0.0 0.0 0.0 0.0 0.0
Brain Mass. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Liver Mass. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Brain Narra. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Liver Narra. Bay PFPeA 3.1 9.8 3.1 0.0 31.0
Fat CFRE PFHpA 0.0 0.0 0.0 0.0 0.0 Lungs CFRE PFPeA 0.0 0.0 0.0 0.0 0.0
Fat Mass. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Lungs Mass. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Fat Narra. Bay PFHpA 0.0 NA NA 0.0 0.0 Lungs Narra. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Heart CFRE PFHpA 0.0 0.0 0.0 0.0 0.0 Muscle CFRE PFPeA 1.7 5.9 1.7 0.0 20.3
Heart Mass. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Muscle Mass. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Heart Narra. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Muscle Narra. Bay PFPeA 0.0 0.0 0.0 0.0 0.0
Kidney CFRE PFHpA 0.0 0.0 0.0 0.0 0.0 Blood CFRE PFPeS 0.0 0.0 0.0 0.0 0.0
Kidney Mass. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Blood Mass. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Kidney Narra. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Blood Narra. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Liver CFRE PFHpA 0.0 0.0 0.0 0.0 0.0 Brain CFRE PFPeS 0.0 0.0 0.0 0.0 0.0
Liver Mass. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Brain Mass. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Liver Narra. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Brain Narra. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Lungs CFRE PFHpA 0.0 0.0 0.0 0.0 0.0 Fat CFRE PFPeS 0.0 0.0 0.0 0.0 0.0
Lungs Mass. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Fat Mass. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Lungs Narra. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Fat Narra. Bay PFPeS 0.0 NA NA 0.0 0.0
Muscle CFRE PFHpA 0.0 0.0 0.0 0.0 0.0 Heart CFRE PFPeS 0.0 0.0 0.0 0.0 0.0
Muscle Mass. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Heart Mass. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Muscle Narra. Bay PFHpA 0.0 0.0 0.0 0.0 0.0 Heart Narra. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Blood CFRE PFHpS 0.0 0.0 0.0 0.0 0.0 Kidney CFRE PFPeS 0.0 0.0 0.0 0.0 0.0
Blood Mass. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Kidney Mass. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Blood Narra. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Kidney Narra. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Brain CFRE PFHpS 0.0 0.0 0.0 0.0 0.0 Liver CFRE PFPeS 0.0 0.0 0.0 0.0 0.0
Brain Mass. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Liver Mass. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Brain Narra. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Liver Narra. Bay PFPeS 1.3 4.1 1.3 0.0 13.1
Fat CFRE PFHpS 0.0 0.0 0.0 0.0 0.0 Lungs CFRE PFPeS 0.0 0.0 0.0 0.0 0.0
Fat Mass. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Lungs Mass. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Fat Narra. Bay PFHpS 0.0 NA NA 0.0 0.0 Lungs Narra. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Heart CFRE PFHpS 0.0 0.0 0.0 0.0 0.0 Muscle CFRE PFPeS 0.0 0.0 0.0 0.0 0.0
Heart Mass. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Muscle Mass. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Heart Narra. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Muscle Narra. Bay PFPeS 0.0 0.0 0.0 0.0 0.0
Kidney CFRE PFHpS 0.0 0.0 0.0 0.0 0.0 Blood CFRE PFTrDA 4.9 9.1 2.7 0.0 26.3
Kidney Mass. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Blood Mass. Bay PFTrDA 3.4 3.0 1.7 0.0 5.5
Kidney Narra. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Blood Narra. Bay PFTrDA 1.4 2.4 1.4 0.0 4.2
Liver CFRE PFHpS 0.0 0.0 0.0 0.0 0.0 Brain CFRE PFTrDA 8.0 7.0 2.2 0.0 23.1
Liver Mass. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Brain Mass. Bay PFTrDA 19.0 8.3 4.8 11.9 28.1
Liver Narra. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Brain Narra. Bay PFTrDA 7.4 3.4 2.0 3.4 9.7
Lungs CFRE PFHpS 0.0 0.0 0.0 0.0 0.0 Fat CFRE PFTrDA 0.0 0.0 0.0 0.0 0.0
Lungs Mass. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Fat Mass. Bay PFTrDA 0.8 1.4 0.8 0.0 2.5
Lungs Narra. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Fat Narra. Bay PFTrDA 0.0 NA NA 0.0 0.0
Muscle CFRE PFHpS 0.0 0.0 0.0 0.0 0.0 Heart CFRE PFTrDA 1.4 2.2 0.6 0.0 6.4
Muscle Mass. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Heart Mass. Bay PFTrDA 3.0 2.2 1.1 0.0 5.0
Muscle Narra. Bay PFHpS 0.0 0.0 0.0 0.0 0.0 Heart Narra. Bay PFTrDA 0.0 0.0 0.0 0.0 0.0
Blood CFRE PFHxA 0.0 0.0 0.0 0.0 0.0 Kidney CFRE PFTrDA 4.0 2.9 1.0 0.0 8.3
Blood Mass. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Kidney Mass. Bay PFTrDA 8.2 2.7 1.3 5.3 11.2
Blood Narra. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Kidney Narra. Bay PFTrDA 5.0 4.4 2.5 0.0 8.3
Brain CFRE PFHxA 0.0 0.0 0.0 0.0 0.0 Liver CFRE PFTrDA 1.7 2.5 0.7 0.0 8.1
Brain Mass. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Liver Mass. Bay PFTrDA 6.6 2.9 0.9 3.6 13.2
Brain Narra. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Liver Narra. Bay PFTrDA 5.8 5.3 1.7 0.0 17.0
Fat CFRE PFHxA 0.0 0.0 0.0 0.0 0.0 Lungs CFRE PFTrDA 5.4 4.0 1.5 2.9 14.3
Fat Mass. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Lungs Mass. Bay PFTrDA 19.0 21.2 10.6 3.7 50.3
Fat Narra. Bay PFHxA 0.0 NA NA 0.0 0.0 Lungs Narra. Bay PFTrDA 6.2 5.4 3.1 0.0 10.0
Heart CFRE PFHxA 0.5 1.8 0.5 0.0 6.3 Muscle CFRE PFTrDA 1.5 2.4 0.7 0.0 6.8
Heart Mass. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Muscle Mass. Bay PFTrDA 0.0 0.0 0.0 0.0 0.0
Heart Narra. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Muscle Narra. Bay PFTrDA 1.4 2.5 1.4 0.0 4.3
Kidney CFRE PFHxA 0.0 0.0 0.0 0.0 0.0 Blood CFRE PFUnDA 12.2 19.0 5.7 0.0 54.5
Kidney Mass. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Blood Mass. Bay PFUnDA 3.4 3.3 1.9 0.0 6.5
Kidney Narra. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Blood Narra. Bay PFUnDA 17.2 27.0 15.6 0.0 48.3
Liver CFRE PFHxA 0.3 1.3 0.3 0.0 5.0 Brain CFRE PFUnDA 13.2 8.6 2.7 5.6 31.9
Liver Mass. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Brain Mass. Bay PFUnDA 8.4 1.3 0.7 7.1 9.7
Liver Narra. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Brain Narra. Bay PFUnDA 2.9 2.5 1.4 0.0 4.6
Lungs CFRE PFHxA 0.0 0.0 0.0 0.0 0.0 Fat CFRE PFUnDA 2.8 6.3 2.8 0.0 14.1
Lungs Mass. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Fat Mass. Bay PFUnDA 1.3 2.3 1.3 0.0 4.0
Lungs Narra. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Fat Narra. Bay PFUnDA 0.0 NA NA 0.0 0.0
Muscle CFRE PFHxA 0.0 0.0 0.0 0.0 0.0 Heart CFRE PFUnDA 7.2 4.6 1.3 0.0 14.7
Muscle Mass. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Heart Mass. Bay PFUnDA 2.7 3.1 1.6 0.0 5.8
Muscle Narra. Bay PFHxA 0.0 0.0 0.0 0.0 0.0 Heart Narra. Bay PFUnDA 0.0 0.0 0.0 0.0 0.0
Blood CFRE PFHxS 0.0 0.0 0.0 0.0 0.0 Kidney CFRE PFUnDA 13.5 5.7 2.0 6.0 22.5
Blood Mass. Bay PFHxS 0.0 0.0 0.0 0.0 0.0 Kidney Mass. Bay PFUnDA 6.7 0.5 0.3 6.2 7.4
Blood Narra. Bay PFHxS 10.7 18.5 10.7 0.0 32.0 Kidney Narra. Bay PFUnDA 3.0 2.7 1.5 0.0 5.1
Brain CFRE PFHxS 0.8 2.6 0.8 0.0 8.3 Liver CFRE PFUnDA 10.2 6.4 1.6 4.6 23.5
Brain Mass. Bay PFHxS 0.0 0.0 0.0 0.0 0.0 Liver Mass. Bay PFUnDA 9.9 6.3 1.9 4.6 21.8
Brain Narra. Bay PFHxS 3.4 6.0 3.4 0.0 10.3 Liver Narra. Bay PFUnDA 5.0 4.3 1.4 0.0 12.3
Fat CFRE PFHxS 0.0 0.0 0.0 0.0 0.0 Lungs CFRE PFUnDA 12.7 8.7 3.3 7.7 32.2
Fat Mass. Bay PFHxS 0.0 0.0 0.0 0.0 0.0 Lungs Mass. Bay PFUnDA 13.6 16.1 8.1 4.1 37.7
Fat Narra. Bay PFHxS 0.0 NA NA 0.0 0.0 Lungs Narra. Bay PFUnDA 4.5 3.9 2.2 0.0 6.8
Heart CFRE PFHxS 0.0 0.0 0.0 0.0 0.0 Muscle CFRE PFUnDA 7.8 8.0 2.3 0.0 31.7
Heart Mass. Bay PFHxS 0.0 0.0 0.0 0.0 0.0 Muscle Mass. Bay PFUnDA 6.2 12.5 6.2 0.0 25.0
Heart Narra. Bay PFHxS 2.9 5.0 2.9 0.0 8.6 Muscle Narra. Bay PFUnDA 5.1 6.4 3.7 0.0 12.4




Table S4.3. Table presenting non-zero and non-infinite pairwise ratios in each 
tissue, stratified by habitat.  
Habitat Tissue Ratio Mean Ratio Value
CFRE Brain Naf_BP2/PFDA 4.24
CFRE Kidney Naf_BP2/PFDA 0.40
CFRE Liver Naf_BP2/PFDA 0.71
CFRE Lungs Naf_BP2/PFDA 0.27
CFRE Liver Naf_BP2/PFNA 1.56
CFRE Blood Naf_BP2/PFO5DoDA 0.71
CFRE Brain Naf_BP2/PFO5DoDA 5.11
CFRE Heart Naf_BP2/PFO5DoDA 1.04
CFRE Kidney Naf_BP2/PFO5DoDA 0.27
CFRE Liver Naf_BP2/PFO5DoDA 1.29
CFRE Lungs Naf_BP2/PFO5DoDA 0.20
CFRE Muscle Naf_BP2/PFO5DoDA 1.70
CFRE Blood Naf_BP2/PFOS 0.27
CFRE Brain Naf_BP2/PFOS 0.48
CFRE Heart Naf_BP2/PFOS 0.40
CFRE Kidney Naf_BP2/PFOS 0.06
CFRE Liver Naf_BP2/PFOS 0.09
CFRE Lungs Naf_BP2/PFOS 0.03
CFRE Muscle Naf_BP2/PFOS 0.47
CFRE Lungs Naf_BP2/PFTrDA 0.65
CFRE Brain Naf_BP2/PFUdA 3.40
CFRE Kidney Naf_BP2/PFUdA 0.58
CFRE Liver Naf_BP2/PFUdA 1.58
CFRE Lungs Naf_BP2/PFUdA 0.27
CFRE Liver PFDA/PFNA 2.42
CFRE Blood PFDA/PFO5DoDA 0.52
CFRE Brain PFDA/PFO5DoDA 1.68
CFRE Heart PFDA/PFO5DoDA 0.63
CFRE Kidney PFDA/PFO5DoDA 0.84
CFRE Liver PFDA/PFO5DoDA 1.55
CFRE Lungs PFDA/PFO5DoDA 0.84
CFRE Muscle PFDA/PFO5DoDA 0.96
CFRE Blood PFDA/PFOS 0.11
CFRE Brain PFDA/PFOS 0.12
CFRE Heart PFDA/PFOS 0.13
CFRE Kidney PFDA/PFOS 0.12
CFRE Liver PFDA/PFOS 0.13
CFRE Lungs PFDA/PFOS 0.12
CFRE Muscle PFDA/PFOS 0.11
CFRE Lungs PFDA/PFTrDA 2.64
CFRE Brain PFDA/PFUdA 0.74
CFRE Kidney PFDA/PFUdA 1.32
CFRE Liver PFDA/PFUdA 1.83
CFRE Lungs PFDA/PFUdA 1.08
CFRE Brain PFDoA/PFDA 0.55
CFRE Kidney PFDoA/PFDA 0.19
CFRE Liver PFDoA/PFDA 0.11
CFRE Lungs PFDoA/PFDA 0.29
CFRE Liver PFDoA/PFNA 0.24
CFRE Blood PFDoA/PFO5DoDA 0.10
CFRE Brain PFDoA/PFO5DoDA 0.92
CFRE Heart PFDoA/PFO5DoDA 0.06
CFRE Kidney PFDoA/PFO5DoDA 0.16
CFRE Liver PFDoA/PFO5DoDA 0.17
CFRE Lungs PFDoA/PFO5DoDA 0.23
CFRE Muscle PFDoA/PFO5DoDA 0.14
CFRE Blood PFDoA/PFOS 0.02
CFRE Brain PFDoA/PFOS 0.06
CFRE Heart PFDoA/PFOS 0.01
CFRE Kidney PFDoA/PFOS 0.02
CFRE Liver PFDoA/PFOS 0.01
CFRE Lungs PFDoA/PFOS 0.03
CFRE Muscle PFDoA/PFOS 0.02
CFRE Lungs PFDoA/PFTrDA 0.67
CFRE Brain PFDoA/PFUdA 0.36
CFRE Kidney PFDoA/PFUdA 0.23
CFRE Liver PFDoA/PFUdA 0.17
CFRE Lungs PFDoA/PFUdA 0.29
CFRE Brain PFNA/PFDA 0.00
CFRE Kidney PFNA/PFDA 0.26
CFRE Liver PFNA/PFDA 0.46
CFRE Lungs PFNA/PFDA 0.24
CFRE Blood PFNA/PFO5DoDA 0.04
CFRE Brain PFNA/PFO5DoDA 0.00
CFRE Heart PFNA/PFO5DoDA 0.07
CFRE Kidney PFNA/PFO5DoDA 0.19
CFRE Liver PFNA/PFO5DoDA 0.77
CFRE Lungs PFNA/PFO5DoDA 0.19
CFRE Muscle PFNA/PFO5DoDA 0.18
CFRE Blood PFNA/PFOS 0.01
CFRE Brain PFNA/PFOS 0.00
CFRE Heart PFNA/PFOS 0.01
CFRE Kidney PFNA/PFOS 0.03
CFRE Liver PFNA/PFOS 0.06
CFRE Lungs PFNA/PFOS 0.03
CFRE Muscle PFNA/PFOS 0.01
CFRE Lungs PFNA/PFTrDA 0.62
CFRE Brain PFNA/PFUdA 0.00
CFRE Kidney PFNA/PFUdA 0.34
CFRE Liver PFNA/PFUdA 0.84
CFRE Lungs PFNA/PFUdA 0.26
CFRE Brain PFO4DA/PFDA 0.04
CFRE Kidney PFO4DA/PFDA 0.02
CFRE Liver PFO4DA/PFDA 0.01
CFRE Lungs PFO4DA/PFDA 0.03
CFRE Liver PFO4DA/PFNA 0.03
CFRE Blood PFO4DA/PFO5DoDA 0.02
CFRE Brain PFO4DA/PFO5DoDA 0.05
CFRE Heart PFO4DA/PFO5DoDA 0.02
CFRE Kidney PFO4DA/PFO5DoDA 0.02
CFRE Liver PFO4DA/PFO5DoDA 0.01
CFRE Lungs PFO4DA/PFO5DoDA 0.02
CFRE Muscle PFO4DA/PFO5DoDA 0.03
CFRE Blood PFO4DA/PFOS 0.01
CFRE Brain PFO4DA/PFOS 0.00
CFRE Heart PFO4DA/PFOS 0.01
CFRE Kidney PFO4DA/PFOS 0.00
CFRE Liver PFO4DA/PFOS 0.00
CFRE Lungs PFO4DA/PFOS 0.00
CFRE Muscle PFO4DA/PFOS 0.00
CFRE Lungs PFO4DA/PFTrDA 0.07
CFRE Brain PFO4DA/PFUdA 0.03
CFRE Kidney PFO4DA/PFUdA 0.03
CFRE Liver PFO4DA/PFUdA 0.02
CFRE Lungs PFO4DA/PFUdA 0.03
CFRE Brain PFO5DoDA/PFDA 0.72
CFRE Kidney PFO5DoDA/PFDA 1.48
CFRE Liver PFO5DoDA/PFDA 0.83
CFRE Lungs PFO5DoDA/PFDA 1.41
CFRE Liver PFO5DoDA/PFNA 2.05
CFRE Blood PFO5DoDA/PFOS 0.33
CFRE Brain PFO5DoDA/PFOS 0.08
CFRE Heart PFO5DoDA/PFOS 0.24
CFRE Kidney PFO5DoDA/PFOS 0.19
CFRE Liver PFO5DoDA/PFOS 0.10
CFRE Lungs PFO5DoDA/PFOS 0.16
CFRE Muscle PFO5DoDA/PFOS 0.20
CFRE Lungs PFO5DoDA/PFTrDA 3.75
CFRE Brain PFO5DoDA/PFUdA 0.53
CFRE Kidney PFO5DoDA/PFUdA 1.97
CFRE Liver PFO5DoDA/PFUdA 1.47
CFRE Lungs PFO5DoDA/PFUdA 1.53
CFRE Brain PFOS/PFDA 9.34
CFRE Kidney PFOS/PFDA 8.59
CFRE Liver PFOS/PFDA 8.18
CFRE Lungs PFOS/PFDA 8.83
CFRE Liver PFOS/PFNA 19.41
CFRE Blood PFOS/PFO5DoDA 4.54
CFRE Brain PFOS/PFO5DoDA 16.01
CFRE Heart PFOS/PFO5DoDA 5.34
CFRE Kidney PFOS/PFO5DoDA 7.47
CFRE Liver PFOS/PFO5DoDA 12.04
CFRE Lungs PFOS/PFO5DoDA 7.05
CFRE Muscle PFOS/PFO5DoDA 9.16
CFRE Lungs PFOS/PFTrDA 22.48
CFRE Brain PFOS/PFUdA 6.65
CFRE Kidney PFOS/PFUdA 10.93
CFRE Liver PFOS/PFUdA 14.97
CFRE Lungs PFOS/PFUdA 9.38
CFRE Brain PFTrDA/PFDA 0.92
CFRE Kidney PFTrDA/PFDA 0.25
CFRE Liver PFTrDA/PFDA 0.10
CFRE Lungs PFTrDA/PFDA 0.41
CFRE Liver PFTrDA/PFNA 0.22
CFRE Blood PFTrDA/PFO5DoDA 0.13
CFRE Brain PFTrDA/PFO5DoDA 1.61
CFRE Heart PFTrDA/PFO5DoDA 0.07
CFRE Kidney PFTrDA/PFO5DoDA 0.20
CFRE Liver PFTrDA/PFO5DoDA 0.16
CFRE Lungs PFTrDA/PFO5DoDA 0.35
CFRE Muscle PFTrDA/PFO5DoDA 0.26
CFRE Blood PFTrDA/PFOS 0.02
CFRE Brain PFTrDA/PFOS 0.10
CFRE Heart PFTrDA/PFOS 0.01
CFRE Kidney PFTrDA/PFOS 0.03
CFRE Liver PFTrDA/PFOS 0.01
CFRE Lungs PFTrDA/PFOS 0.05
CFRE Muscle PFTrDA/PFOS 0.01
CFRE Brain PFTrDA/PFUdA 0.61
CFRE Kidney PFTrDA/PFUdA 0.30
CFRE Liver PFTrDA/PFUdA 0.16
CFRE Lungs PFTrDA/PFUdA 0.43
CFRE Brain PFUdA/PFDA 1.41
CFRE Kidney PFUdA/PFDA 0.78
CFRE Liver PFUdA/PFDA 0.58
CFRE Lungs PFUdA/PFDA 0.95
CFRE Liver PFUdA/PFNA 1.39
CFRE Blood PFUdA/PFO5DoDA 0.42
CFRE Brain PFUdA/PFO5DoDA 2.35
CFRE Heart PFUdA/PFO5DoDA 0.46
CFRE Kidney PFUdA/PFO5DoDA 0.66
CFRE Liver PFUdA/PFO5DoDA 0.86
CFRE Lungs PFUdA/PFO5DoDA 0.80
CFRE Muscle PFUdA/PFO5DoDA 1.44
CFRE Blood PFUdA/PFOS 0.08
CFRE Brain PFUdA/PFOS 0.16
CFRE Heart PFUdA/PFOS 0.09
CFRE Kidney PFUdA/PFOS 0.09
CFRE Liver PFUdA/PFOS 0.07
CFRE Lungs PFUdA/PFOS 0.11
CFRE Muscle PFUdA/PFOS 0.11
CFRE Lungs PFUdA/PFTrDA 2.42





Table S4.4. Table presenting all analytes included in this study. Semi-quantitative 
analytes lacked a matched native and internal standard. Quantitative analytes were 
measured using at least one exact matched standard.  
  
Compound CAS # Family # Fluorinated Carbons
Detected in at least 
one biological sample 
above detection 
limits? 
Quantified, using matched native standard or Semi-Quant?
N-MeFOSAA 2355-31-9 FASAA 8 No Quantified, using matched native standard
N- EtFOSAA 2991-50-6 FASAA 8 No Quantified, using matched native standard
FOSA 754-91-6 FASA 8 No Quantified, using matched native standard
4:2 FTS FTS 4 No Quantified, using matched native standard
6:2 FTS FTS 6 No Quantified, using matched native standard
8:2 FTS FTS 8 No Quantified, using matched native standard
PFBA 375-22-4 PFCA 3 Yes Quantified, using matched native standard
PFPeA 2706-90-3 PFCA 4 Yes Quantified, using matched native standard
PFHxA 307-24-4 PFCA 5 Yes Quantified, using matched native standard
PFHpA 375-85-9 PFCA 6 No Quantified, using matched native standard
PFOA 335-67-1 PFCA 7 Yes Quantified, using matched native standard
PFNA 375-95-1 PFCA 8 Yes Quantified, using matched native standard
PFDA 335-76-2 PFCA 9 Yes Quantified, using matched native standard
PFUnDA 2058-94-8 PFCA 10 Yes Quantified, using matched native standard
PFDoA 307-55-1 PFCA 11 Yes Quantified, using matched native standard
PFTrDA 72629-94-8 PFCA 12 Yes Quantified, using matched native standard
PFTeDA 376-06-7 PFCA 13 No Quantified, using matched native standard
PMPA 13140-29-9 PFECA 3 No Semi-quant
PFO2HxA 39492-88-1 PFECA 3 No Semi-quant
PEPA 267239-61-2 PFECA 4 No Semi-quant
PFO3OA 39492-89-2 PFECA 4 No Semi-quant
HFPO-DA 13252-13-6 PFECA 5 Yes Quantified, using matched native standard
PFO4DA 39492-90-5 PFECA 5 Yes Semi-quant
PFO5DoDA 39492-91-6 PFECA 6 Yes Quantified, using matched native standard
Nafion BP4 na PFESA 6 No Semi-quant
Nafion BP2 749836-20-2 PFESA 7 Yes Quantified, using matched native standard
Nafion BP1 29311-67-9 PFESA 7 No Semi-quant
NVHOS
801209-99-4 
(free acid) PFESA 4
No
Semi-quant
PFBS 29420-49-3 PFSA 4 Yes Quantified, using matched native standard
PFPeS PFSA 5 Yes Quantified, using matched native standard
PFHxS 432-50-7 PFSA 6 Yes Quantified, using matched native standard
PFHpS PFSA 7 No Quantified, using matched native standard
PFOS 4021-47-0 PFSA 8 Yes Quantified, using matched native standard
PFNS 98789-57-2 PFSA 9 No Quantified, using matched native standard
PFDS 2806-15-7 PFSA 10 Yes Quantified, using matched native standard
PFECHS 646-83-3 Cyclic PFSA 8 No Semi-quant




Table S4.5. Table presenting proportions of each PFAS in each tissue, stratified 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table S4.6. Table presenting proportions of each PFAS family in each tissue, 
stratified by CFRE and all habitats combined.  
  
Tissue Fraction Mean Std. Dev. (%) Median (%) Range (%) n Habitat
Blood % PFCAs 15 8 16 0-27 9 CFRE
Brain % PFCAs 23 8 24 9-36 10 CFRE
Fat % PFCAs 4 7 0 0-14 5 CFRE
Heart % PFCAs 16 5 16 4-22 12 CFRE
Kidney % PFCAs 19 3 21 14-23 8 CFRE
Liver % PFCAs 19 4 19 13-28 12 CFRE
Lungs % PFCAs 22 3 24 17-25 7 CFRE
Muscle % PFCAs 17 8 16 0-28 12 CFRE
Blood % PFEAs 28 20 21 10-73 9 CFRE
Brain % PFEAs 23 20 17 5-60 10 CFRE
Fat % PFEAs 54 35 49 16-100 5 CFRE
Heart % PFEAs 25 20 18 7-74 12 CFRE
Kidney % PFEAs 15 7 13 7-24 8 CFRE
Liver % PFEAs 13 6 11 7-24 12 CFRE
Lungs % PFEAs 12 4 10 9-18 7 CFRE
Muscle % PFEAs 25 21 22 4-79 12 CFRE
Blood % PFSAs 57 15 61 27-73 9 CFRE
Brain % PFSAs 54 13 58 32-70 10 CFRE
Fat % PFSAs 43 31 51 0-69 5 CFRE
Heart % PFSAs 59 16 66 22-78 12 CFRE
Kidney % PFSAs 66 9 65 53-79 8 CFRE
Liver % PFSAs 68 5 69 55-73 12 CFRE
Lungs % PFSAs 66 2 66 63-70 7 CFRE
Muscle % PFSAs 58 15 63 21-71 12 CFRE
Blood % PFCAs 21 13 18 0-42 15 All Habitats
Brain % PFCAs 44 31 29 9-100 16 All Habitats
Fat % PFCAs 23 44 0 0-100 9 All Habitats
Heart % PFCAs 26 29 17 0-100 19 All Habitats
Kidney % PFCAs 28 11 23 14-47 15 All Habitats
Liver % PFCAs 24 12 21 0-55 33 All Habitats
Lungs % PFCAs 33 18 25 0-57 14 All Habitats
Muscle % PFCAs 21 13 17 0-51 19 All Habitats
Blood % PFEAs 19 21 16 0-73 15 All Habitats
Brain % PFEAs 15 19 7 0-60 16 All Habitats
Fat % PFEAs 43 39 40 0-100 9 All Habitats
Heart % PFEAs 19 20 16 0-74 19 All Habitats
Kidney % PFEAs 9 9 8 0-24 15 All Habitats
Liver % PFEAs 6 10 0 0-44 33 All Habitats
Lungs % PFEAs 6 7 4 0-18 14 All Habitats
Muscle % PFEAs 23 22 22 0-79 19 All Habitats
Blood % PFSAs 60 16 61 27-92 15 All Habitats
Brain % PFSAs 41 22 45 0-70 16 All Habitats
Fat % PFSAs 34 33 42 0-69 9 All Habitats
Heart % PFSAs 55 27 65 0-100 19 All Habitats
Kidney % PFSAs 63 9 61 50-79 15 All Habitats
Liver % PFSAs 70 13 70 37-100 33 All Habitats
Lungs % PFSAs 61 14 63 43-100 14 All Habitats
Muscle % PFSAs 56 22 62 0-84 19 All Habitats




Table S4.7.  Percent difference of sigma probabilities between the lowest energy 
conformer  of each PFEA anion, compared to an appropriate low energy PFAA 
anion analogue. Negative sigma values correspond to a positive surface charge 
density, while positive values correspond to a negative surface charge density 
   
    
 
Sigma (Range) PFOS - Nafion BP2 PFOA - PFO5DoDA PFOA - PFO4DA 
-0.03 - -0.021 0 0 0
-0.011 - -0.02 6.96 0 0
-0.01 - -0.006 4.174 4.43 3.607
0.001 - -0.005 -17.175 16.392 2.437
0 -22.757 1.888 -7.988
0.001 - 0.005 29.071 20.393 5.465
0.006 - 0.01 0.306 1.062 1.111
0.011 - 0.02 0.298 1.157 -0.348
0.021 - 0.03 0 -0.219 -0.155
% Difference
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ABSTRACT 
Limited work to date has examined plastic ingestion in temperate, endemic 
Atlantic seabirds like Great Shearwaters (Ardenna gravis), although this species is 
particularly prone to plastic ingestion as wide-ranging petrels. We examined 175 
Great Shearwaters obtained from 2010 - 2019 in the Northwest and South Atlantic 
to assess accumulation of ingested plastic as well as trends over time and between 
locations. Over 1500 plastic fragments were documented in the proventriculus 
portion of the gastrointestinal tract, with an average of 8 plastic fragments per 
bird. Juveniles accumulated plastic more frequently than adults, with an ingestion 
frequency of 98% compared to 58% in breeding adults. The frequency of plastic 
occurrence (FO) observed in juveniles was higher than in previous studies 
focused on this species in prior decades. Each fragment was assessed using 
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Fourier-transform ion spectroscopy to discern polymer identity. We found low- 
and high-density polyethylene fragments dominated within all years and 
locations. Breeding adults contained a higher proportion of larger polypropylene 
fragments compared to juveniles and non-breeding adults, likely indicative of an 
increased use of remote, pelagic habitats subject to reduced inputs of smaller, 
land-derived plastics. Different signatures of polymer type and size between 
breeding and non-breeding mature birds likewise suggests rapid turnover of 
ingested plastics commensurate with migratory stage and location. No fragments 
of the same size (4 – 10 mm in largest dimension) were found in the primary 
forage fish prey (sand lance, n = 202) that supports Great Shearwaters in 
Massachusetts Bay, suggesting this species directly ingest the bulk of their plastic 
loads rather than accumulating via trophic transfer. This work is the first to 
comprehensively measure the accumulation of ingested plastics by Great 
Shearwaters over the last decade and across multiple locations spanning their 
yearly migration cycle, and emphasizes their utility as sentinels of plastic 
pollution in Atlantic systems.   
 
INTRODUCTION  
Mismanaged plastic waste has emerged as a globally significant pollutant in 
aquatic ecosystems. Current estimates suggest 4.8 – 12.7 million metric tons of 
mismanaged plastic waste enter the global ocean each year as debris1, with 
modeling efforts suggesting the amount of plastic debris entering marine 
environments will increase by an order of magnitude by 2025 without significant 
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policy and consumer interventions. The current amount of ocean plastic and 
projected additional releases are problematic due to potential for plastic debris to 
degrade habitat integrity, entangle marine life, act as a vector of invasive species 
transport, or be ingested by marine fauna2. These impacts are predicted in marine 
life at every level of the food chain due to the wide spectrum of sizes and 
materials constituting ocean plastic loads2,3.  
Marine plastic debris originates from a variety of land-based human uses and 
activities, as well as from maritime sources such as shipping and fishing activities, 
leading to inputs of variable types and sizes of plastic materials to the marine 
environment4. Yet a key unifying characteristic of marine plastic debris is its 
inevitable degradation into progressively smaller pieces over time, leading to 
proliferation of meso-, micro- and nanoplastics in all compartments of the marine 
environment, even within the remotest marine habitats5,6.  
A significant portion of microplastics (<5mm) entering the ocean are thought 
to become fouled7 and settle out of the surface water compartment into 
intermediate depths or ocean sediments8, while plastic items of variable size and 
composition remain buoyant. An estimated 5 - 125 trillion pieces of buoyant 
plastic >100 um reside within the ocean surface layer, engaging in biophysical 
interactions and subject to oceanic scale circulation9–11. Plastic pieces within 
coastal and pelagic surface environments are predominantly composed of 
polyethylene and polypropylene12, two of the most highly produced olefin plastics 
used in an array of single-use consumer and industrial products.  
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Abundance of small plastic pieces within ocean surface environments results 
in an increased probability of encounter between euphotic marine fauna and 
plastic items, as  well as increased opportunity for ingestion of plastic items. 
Ingestion of plastic may occur via direct ingestion of plastic pieces13, or ingestion 
of prey items containing plastic14. In vertebrate species, ingested plastics can 
result in blockages or tears within the digestive tract15, reduced feeding due to 
false satiation16, as well as potential uptake of adsorbed chemical pollutants or 
innate chemical additives17.  
The accumulation of ingested plastics in seabirds has been documented since 
the 1960s; Wilcox et al. (2015) found that 59% of seabird species examined 
between 1962 and 2012 had ingested plastic, and, within those studies, on average 
29% of individuals had plastic in their gastrointestinal tract4. Seabirds in the order 
Procellariiformes (e.g. albatrosses, shearwaters, petrels, and storm petrels) are 
thought to be most vulnerable to plastic ingestion18,19 related to their wide-ranging 
pelagic habits20 and heavy use of olfactory cues21, yet the frequency of plastic 
ingestion varies widely between members of this order. Some albatross species 
have been shown to infrequently ingest plastics, while other tube-nosed seabirds 
such as short-tailed shearwaters22, Northern fulmars23, and great shearwaters24 
have been found to ingest plastic at high rates (~80 – 100% frequency of 
occurrence). Modeling and review efforts suggest the incidence of plastic 
ingestion in seabirds increases with abundance of plastics in the environment25. 
For example, Northern fulmars in the North Sea have been monitored for plastic 
ingestion at their breeding colonies since the 1970s; the ingestion of industrial 
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pellets, or nurdles, within this monitored population has been found to roughly 
track the measured abundance of industrial pellets in ocean surface water25. 
Efforts to curb mismanagement and loss of industrial pellets in the 1980s and 
1990s resulted in reduced concentrations of nurdles within the North Atlantic 
subtropical gyre, and declines in the geometric mean of industrial pellets in 
fulmar GITs. Seabird plastic ingestion also increases with use of plastic 
geographical hotspots4,26; subtropical gyres and the southern boundary of the 
Atlantic, Pacific, and Indian Oceans are considered hotspots of plastic in the 
surface layer. Incidence of plastic ingestion also varies according to foraging 
strategy, with trophic generalists and surface seizing birds reliant on crustacean 
diets the most vulnerable27.  
However, data describing the occurrence of ingested plastic as well as trends 
over time and space is irregular. Existing studies often focus on a narrow subset 
of accessible species during the breeding season when chicks are immobile and 
adults are subject to area-restricted foraging behaviors, limiting understanding of 
plastic ingestion over the complete annual cycle and overall life cycle of a 
diversity of species. Likewise, few studies couple measurement of plastic 
ingestion with comprehensive necropsy data, description of plastic piece 
morphology, and identification of polymer type. Assessment of plastic polymer 
identity is particularly valuable, as it aids in identification of potential sources or 
source products. Those studies that incorporate polymer analysis indicate that 
polyethylene and polypropylene are typically the dominant polymers ingested in 
seabirds, and item composition is strongly correlated to item morphology28. The 
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polymer composition of ingested plastics is related to spatial patterns of plastic 
abundance, rather than a preference for ingestion of any one polymer type.  
We set out to investigate the accumulation of ingested plastics in Great 
Shearwaters (Ardenna gravis), an endemic Atlantic Procellariiform seabird. The 
US East Coast and the Gulf of Maine are more poorly described in terms of 
plastic ingestion in marine biota compared to other regions, despite the high 
density of human populations and potential plastic sources along this coastal 
margin. Great Shearwaters frequent the Gulf of Maine and Massachusetts Bay 
along the US East Coast, and have been previously assessed for plastic ingestion. 
However, no comprehensive efforts have harmonized methodology and pieced 
together trends describing occurrence over space and time in this species. 
Monitoring of plastic in this species is valuable due to its abundance29, well-
described habitat use30,31, its colocation with key marine megafauna32, and its 
compact representation of divergent Atlantic habits, spanning developed coastal 
margins within the Gulf of Maine as well as vast pelagic regions of the South 
Atlantic.  
Here we comprehensively describe plastic ingestion in this species, using 
bycatch and beach-cast samples obtained over 2010 - 2019 from multiple habitats 
included in the annual cycle of this trans-equatorial migrant. The goal of this 
study included a) evaluation of ingested plastics over time, to deduce any 
temporal trends, b) comparison of plastic categories and polymer types found 
between different locations and time periods, and c) assess the trophic or 
environmental origin of ingested plastics.  




MATERIALS AND METHODS  
Study species 
The Great Shearwater (Ardenna gravis) is a long-lived, pelagic seabird in the 
Procellariiformes order of seabirds. Generally between 600 – 1100 g, this 
medium-sized “tube nose” is a trans-equatorial migrant that inhabits the Gulf of 
Maine in the NW Atlantic during its non-breeding period over the boreal summer. 
Tracking and necropsy data suggest age-specific segregation of their non-
breeding range, with preferential use of the SW Gulf of Maine and Massachusetts 
Bay by juveniles 31. This species breeds during the boreal winter in the South 
Atlantic, on Gough Island, Inaccessible Island, and Nightingale Island in the St. 
Helena Island Group and Kidney Island in the Falkland Islands29. Great 
Shearwaters feed on squid, crustacea, and small forage fish including sand lance 
(Ammodytes spp.)31, and have regularly been observed attending fishing vessels 
seeking fisheries offal. Most foraging activities occur within the top 10 m of the 
water column via surface plunging and seizing behaviors, with most dives less 
than 2 m in depth33.  
The accumulation of ingested plastics has been previously assessed in this 
seabird within its breeding and non-breeding range over the past sixty years via 
studies covering a single year, or a span up to 14 years, including variable 
numbers of individuals (n = 1 – 84). The most recent published work examined 84 
individuals collected between 2000 – 2011 from Sable Island, Nova Scotia, 
Canada in the NW Atlantic. These efforts have generally possessed low yearly 
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sample sizes from one geographic region, and have been unable to assess any 
temporal or spatial trends.  Specimen Collection, Necropsy, and Sample Condition 
A total of 175 Great Shearwaters were analyzed for plastics, from three 
habitats (Fig. 1). 135 dead Great Shearwater juveniles and adults were obtained as 
bycatch from the National Oceanic and Atmospheric Administration (NOAA) 
Northeast Fisheries Observer Program (Falmouth, MA) from Massachusetts Bay. 
Bycatch collections spanned 2010 – 2019 and the majority of samples were 
collected in the months of August – November each year, after approximately 2 or 
more months of foraging in the NW Atlantic. 15 Great Shearwaters were obtained 
in 2017 from the southeastern coast of North Carolina, USA, after having washed 
up dead on shorelines along the Outer Banks and the Crystal Coast region of 
North Carolina. 25 Great Shearwaters were obtained from long-lining activities 
around Gough Island in 2017 - 2018, in the St Helena Island group in the south 
Atlantic. Each individual was frozen individually as a whole specimen upon 
collection and stored at -20C until necropsy. 
All individuals were necropsied in a standardized manner 34, including 
measurements of morphometric characteristics, body condition, and organ 
weights. Age was determined following the age characterization of Great 
Shearwaters as defined by Powers et al. (2020)31, and sex based upon gonad 
presentation. Multiple tissues, including the entire gastrointestinal tract (GIT), 
were collected and frozen at -15°C until analysis. Lung hemorrhaging and edema 
was apparent in some bycatch seabirds (indicative of drowning), but there was no 
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evidence of seawater intrusion into the coelomic cavity, and no perforations or 
damage to other internal organs excluding lung hemorrhaging. 
Analysis of accumulated, ingested plastics  
Food debris was commonly found in the esophagus and mouth of sampled 
bycatch individuals, likely due to regurgitation during entanglement and 
drowning. Given the abundance of bycatch samples used in this study, the 
esophagus and proventriculus were not assessed for plastic contents, assuming 
any assessment of plastic occurrence in these compartments may be biased by 
regurgitation. Plastics were instead assessed in the ventriculus, or “gizzard”, a 
muscular organ used to grind up squid beaks and other indigestible, hard diet 
materials. In Procellariiform seabirds, the isthmus connecting the proventriculus 
and ventriculus is angled and narrow, unlike the more linear junctions seen in 
other seabirds. This unique configuration is thought to restrict the passage of 
materials from the ventriculus back into the proventriculus, insulating evaluated 
organ contents from bias related to regurgitation. A small test (n = 5) assessing 
plastic in both the proventriculus and ventriculus demonstrated this approach was 
appropriate, as ~90% of accumulated plastics occurred in the ventriculus; this is 
further supported in the literature35.  
Plastics were obtained from the ventriculus as previously described25,34,36. 
Briefly, the organ was cut open and flushed thoroughly using deionized water 
over a sieve with a mesh size of 1mm2. While plastics smaller than 1mm2 may be 
present within the samples, we did not screen for this size fraction due to facility 
and equipment constraints. Plastic items were visually separated from natural 
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items with the aid of a dissection microscope, magnifying lenses, or density 
separation techniques as necessary. Natural and plastic materials were combined 
in plastic or glass petri dishes (respectively), and dried in a fume food for ~ 2 
days. Plastic material was further sorted into established qualitative categories 
outlined by van Franeker et al. (2015) and Provencher et al. (2017) 36,37. Each 
plastic item was first classified as an industrial (nurdle or pellet) or user plastic 
(non-industrial items likely sourced from consumer use) and further differentiated 
into five subcategories including sheet-like plastics (e.g., bag and film), thread-
like plastics (e.g., microfibers, rope), foam (e.g., polystyrene), fragments 
(unidentifiable hard plastics), and other (e.g., balloon, rubber, melted 
plastic). Each piece of plastic was weighed to the nearest 0.0001g using an 
analytical balance, and length, width, and thickness measured to the nearest 0.01 
mm using a calibrated electronic caliper. Soft plastics were weighed but not 
measured for morphology. Plastic pieces were also classified into a plastic size 
category (e.g. micro-, meso-, and macro-) after Barnes et al.5 
Polymer analysis 
1000 plastic pieces were analyzed for polymer identity using Fourier 
Transform Infrared (FTIR) spectroscopy. Prior to analysis, each individual 
fragment was cleaned with deionized water to remove biological debris and filed 
with a metal file to obtain a flat surface or further remove biological debris for the 
analysis. The fragments were scanned through a Thermo Scientific Nicolet TM 
iS5 FTIR spectrometer with an ATR accessory, using the Thermo Scientific 
Omnic software (Thermo Fisher Scientific, Waltham, MA). A diamond crystal 
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ATR plate was used for most analyses, however for analysis of black plastic a 
germanium crystal ATR plate was used due to the crystal’s high refractive index 
and its capacity to accurately scan high absorbing substances such as carbon-
black colored objects.  
A spectrum was obtained for each plastic fragment and run through the 
spectral library search. The principal spectral libraries used were the Aldrich 
Polymers library, the Hummel Polymer and Additives library, and the Center for 
Coastal Studies (Provincetown, MA) private library. Each result from the spectral 
library was verified by identifying the spectrum’s wavelength peaks and matching 
wavelength numbers to the known wavelength ranges of the corresponding 
polymer. Only fragments with greater than a 70% confidence of assignment were 
reported38.  
Each identified plastic fragment was categorized under one of 17 polymer 
groups, while the non-plastic fragments were categorized under four groups 
(biological, vegetation, rock, or natural fiber blend). Polyethylene was further 
divided into low density polyethylene (LDPE), high density polyethylene 
(HDPE), and polyethylene (inconclusive on the type of polyethylene). Additives 
ranged from poly(ethylene:propylene:diene) (EPDM rubber) to oil based 
additives. Mixed polymers were labeled under the primary polymer.  
Statistical Analysis 
All data manipulation and statistical analyses were performed in R version 
3.6.1 (R Core Team, 2020) 39. Quantitative data were checked for normality and 
homoscedasticity using the Shapiro-Wilk test and Levene’s test. Plastic count and 
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mass data were non-normal despite log transformation and therefore treated non-
parametrically for statistical analyses; year groups displayed no significant 
differences in variance. Differences between years or groups were assessed using 
Kruskal-Wallis tests with post hoc application of Dunn’s test with Bonferroni 
correction for multiple testing. Relationships between continuous variables were 
assessed using Spearman rank correlation coefficients (Rs2). Potential predictors 
of plastic ingestion mass or count were evaluated using generalized linear models 
(GLMs) considering year, age, sex, and morphometric measurements as potential 
predictors. Model evaluation was performed stepwise manually starting with the 
saturated model. Model significance and performance was further evaluated if 
needed using Tukey’s Honest Significant Differences post hoc test for multiple 
comparisons and Akaike’s Information Criterion (AIC) to rank models, with a 
lower AIC assumed to indicate the better model. Effects observed within all 
statistical tests were considered significant when p < 0.05.  
 
RESULTS AND DISCUSSION  
Accumulation and frequency of ingested plastics 
The mass and number of plastics varied by location and year. Considering all 
years of data, Massachusetts Bay birds contained an average of 8.5 plastic items 
and 151 mg plastic, Gough Island individuals contained an average of 9.6 plastic 
items and 236 mg plastic, and individuals found off the coast of North Carolina 
contained an average of 12 items and 181 mg plastic (Table 1). Breeding phase 
adults in the South Atlantic contained a significantly higher mass of plastic 
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compared to their North Atlantic counterparts (Kruskal-Wallis test, p < 0.01), but 
not a higher count of plastics. Count and mass data were highly correlated across 
all locations ((Rs2 = 0.88, p <0.001). Wet weight, tarsus length, culmen length, 
wing chord, d13C, d15N, body condition index, liver weight, heart weight, kidney 
weight, and adipose fat depth were not significantly related to the count or mass 
of plastic individually or interactively, suggesting a lack of relationship between 
individual health and plastic occurrence/accumulation.  
No statistically significant trends in count or mass were apparent over 2010 – 
2019 considering all Massachusetts Bay individuals, likely related to low sample 
size and the resulting variability of plastic metrics apparent in some years (e.g. 
2014, 2016, 2018). Only considering those years with sufficient sample size (n > 
15 birds) from Massachusetts Bay, plastic mass increased over time between 2010 
and 2019 (Rs2 = 0.87, p = 0.044).  
Count and mass averages found in birds from each location are similar to 
previously published estimates (mean number of plastics: 9.5 – 22.0, mean mass 
plastics: 0.17 – 2.52g)24, but results are not directly comparable. Previous studies 
report mass and number of plastics in the total gastrointestinal tract rather than in 
specific compartments (i.e. the ventriculus) as we report here.  
Frequency of occurrence, or FO, describes the number of individuals 
containing plastic as a function of the total sample set. FO varied by location, 
year, and age in this study. Young and hatch year birds possessed the highest FO, 
with bycatch individuals from Massachusetts Bay demonstrating an FO of 98% (n 
= 103) and young beach-cast birds from North Carolina evidencing an FO of 
   
 
 238 
100% (n = 15). Mature birds from Massachusetts Bay possessed an FO of 87% (n 
= 23) while mature breeding birds from Gough Island possessed an FO of 58% (n 
= 58) (Table 2). Differential plastic ingestion between juvenile and adult birds has 
been previously found in short-tailed shearwaters from eastern Australia, where 
juveniles were found to ingest plastic more frequently than adults (85% vs. 
62.7%, respectively), as well as a larger number of plastics compared to adults.  
Our data adds nuance to age-specific plastic ingestion by suggesting adults 
during or directly after the chick-rearing phase have much lower rates of plastic 
ingestion compared to juveniles assessed during the non-breeding phase, while 
adults during the non-breeding phase have lower but more comparable rates to 
non-breeding juveniles. The substantially lower frequency of plastics in breeding 
adults may be due to offloading of plastic pieces to chicks prior to fragments 
traveling to the ventriculus and lower GIT beyond the influence of regurgitation, 
or this may be due to reduced plastic occurrence in habitats supporting adults 
during the chick-rearing phase. We consider the latter unlikely, as the South 
Atlantic subtropical gyre is thought to be a growing hotspot of plastic occurrence 
and seabird plastic ingestion9,10,26. The lower rates of plastic ingestion in non-
breeding adults may be due to use of more remote habitats within the NW 
Atlantic31, or increased foraging experience compared to naïve young birds40.  
The FO observed in juveniles is higher than previous literature estimates 
from studies of comparable sample size conducted within the same species. Moser 
and Lee (1992) estimated an FO of 64% based on assessment of 55 individuals 
from the NW Atlantic collected between 1975 – 198918. More recently, Bond et 
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al. (2018) measured an FO of 88% based upon assessment of 84 Great 
Shearwaters beach-cast on Sable Island, Nova Scotia, Canada in the NW Atlantic 
from 2000 – 201124.  
The increased FO in this study may suggest an increased prevalence of 
plastic ingestion in juveniles of this species compared to previous points in time, 
but more likely reflects artifacts of study design confounding direct comparison of 
reported results between studies37. Prior work does not report FO as a function of 
age, and therefore previous literature estimates may be lower due to an increased 
proportion of mature birds with lower plastic ingestion rates. Additionally, prior 
work investigating plastics in Great Shearwaters incorporates a variety of 
sampling and reporting approaches that preclude direct comparability of reported 
metrics.  
Plastic mass and count data were likewise not associated with any significant 
changes in morphological or body condition variables, similar to results observed 
in other work 24,28. We suggest future work evaluates the association between 
plastic ingestion and other biological endpoints related to nutritional condition or 
short-term biological responses like blood chemistry, considering plastic’s 
potential interference with effective ingestion of natural food items and the 
uncertain but likely limited retention time of plastics in seabirds 35,46.  
 Plastic item morphology 
Industrial plastics are defined as the raw plastic materials, often in the form 
of pellets or beads, that are melted down to create consumer plastic products; they 
are often called “nurdles”. These made up a small proportion of observed plastics 
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from each year and location, with no significant changes in the percent of 
industrial plastics over time or between locations. The percentage of industrial 
plastics within this sample set (mean = 8.2%) was equal to or lower than percent 
industrial metrics reported in previous studies from the North Atlantic 23,25,28. The 
mean number of industrial pellets reported here is also consistent with 
measurements conducted between 1999 – 2006 using Great Shearwaters collected 
from the South Atlantic and western Indian Oceans, suggesting the ingestion of 
pellets from industrial sources remains consistent and lower than observed in 
prior decades (Ryan, 2008).  
Each plastic item was classified into one of five morphological categories, 
including fragments, thread-like plastics, sheet-like plastics, foams, or “other”. 
Proportions of each plastic morphological category were assessed as a percentage 
of the total count of plastic items measured within a given year and location. 
Category ratios differed between years in Massachusetts Bay (Fisher’s exact test, 
two-sided, p < 0.001), but were consistently dominated by fragments (range: 70 – 
93% fragments) (Fig. 2).  
Category ratios differed between habitats (Fisher’s exact test, two-sided, p = 
0.004) when considering all individuals from all habitats. However, the Gough 
Island sample set contained an apparent outlier, one individual with a count and 
mass of plastics much higher than all other sampled individuals. When this outlier 
was excluded, differences between the occurrence of plastic categories between 
habitats disappeared and all habitats were dominated by fragments (mean = 88%) 
(Fisher’s exact test, two-sided, p = 0.669). Excluding fragments from the analysis, 
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no differences existed between ratios of other morphologies between habitats 
((Fisher’s exact test, two-sided, p = 0.6202) (Fig. 2).  
There was no difference between ratios of plastic categories between 
Massachusetts Bay and Gough Island mature birds, despite a slightly higher but 
statistically insignificant proportion of thread-like pieces in Massachusetts Bay 
mature birds. Likewise, there was no difference between category ratios observed 
in young and mature Massachusetts Bay birds.  
We explored the occurrence of plastics found in surface waters and forage 
fish used by this species in the Gulf of Maine to deduce if birds inherited their 
consistent category signature from their environment or diet. Limited data details 
the occurrence of different plastic categories in surface water within the Gulf of 
Maine and South Atlantic habitats specifically used by Great Shearwaters, as most 
large-scale datasets present abundance by size rather than plastic piece category10. 
However, 2013 surveys conducted near Isles of Shoals in the SW Gulf of Maine 
found microfibers dominated (84%) in the surface layer (~1m) compared to 
fragments (14%)11, suggesting Great Shearwaters in the Gulf of Maine may seek 
out plastic fragments as opposed to accumulating plastics based on likelihood of 
encounter. Additionally, stomach content analyses were performed on 202 
Ammodytes spp. collected in 2019, the primary prey species of Great Shearwaters 
while in the Gulf of Maine. We found no plastic fragments of the same size or 
morphology as those found in Great Shearwater stomachs (Suca et al. 2020, in 
review). Only one thread-like item was found in one fish, suggesting Great 
Shearwaters in Massachusetts Bay are not deriving their accumulated plastic loads 
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from trophic transfer. This corroborates evidence from other seabirds suggesting 
the transfer of plastics between fish prey and seabird predators may be limited41. 
The size of plastic items varied widely, yet the largest item measured from 
each location measured approximately 13mm in its widest dimension, suggesting 
a consistent limit on the size of plastic items based on bird gape size.  
We compared the size of fragments between habitats and found mature birds 
from Gough Island contained the largest fragments compared to items found in 
individuals from Massachusetts Bay or SE North Carolina (Dunn’s test, p < 
0.001) (Fig. 3). This difference was likewise apparent when the comparison was 
restricted to mature birds from Massachusetts Bay and mature birds from Gough 
Island (Kruskal-Wallis test, p = 0.0238).  
The abundance of larger plastic fragments in Gough Island adults is likely 
related to size-mediated distribution of plastic items in the surface ocean42,43 and 
maritime sources of intact plastic items44, coupled to the highly pelagic foraging 
range of Great Shearwaters during their breeding and chick rearing phases. 
Smaller plastic items with higher surface area:volume ratios are thought to settle 
out of the water column rapidly moving away from coastal regions due to 
biofouling and other biophysical processes42, with larger, more buoyant pieces 
preferentially remaining in the surface ocean to circulate to more remote 
regions43. During their breeding phase Great Shearwaters forage across highly 
pelagic regions along the boundary of the South Atlantic, South Pacific, and SW 
Indian Oceans45, and therefore likely encounter a higher proportion of larger 
plastic items that have been retained through size-mediated dispersal processes to 
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date. Additionally, major ship-borne inputs of whole consumer items may 
likewise contribute to the abundance of larger plastic items in Great Shearwaters 
from Gough Island. The incidence of plastic debris derived from shipping and 
fishing activities is rapidly increasing in the South Atlantic around the breeding 
islands used by Great Shearwaters, providing inputs of intact consumer items to 
an otherwise remote region44. These consumer products (e.g. beverage bottles) are 
often made of buoyant plastics, and would first fragment into larger pieces. An 
interplay of these two drivers is likely driving the size trends we see here. 
Regardless of specific cause, the increased abundance of larger plastic items in 
breeding birds is problematic, as larger plastic items are likely retained in the GIT 
longer and pose an increased risk of physical impairment or injury46.  
Polymer patterns and differences 
1000 plastic pieces were assessed for polymer type using FTIR, and these 
results indicated the type of polymer ingested varied by age and habitat. Mature 
individuals from Gough Island contained higher proportions of polypropylene 
mixes (PP mix) compared to other locations and ages. Considering only 
fragments, mature birds from Massachusetts Bay possessed a significantly 
different polymer composition compared to their South Atlantic counterparts 
(Fisher’s exact test, two-sided, p = 0.002), with North Atlantic birds possessing a 
lower proportion of PP mix, a higher proportion of polyethylene, and increased 
incidence of “Other” items comprised mostly of balloons (Fig. 3).  
The different polymer signatures may indicate turnover of plastic pieces over 
time, allowing Great Shearwaters to reflect variable signatures of plastic 
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associated with divergent habitats. The retention time of plastic items in seabirds 
is generally unclear, but is thought to vary between different taxa based on other 
diet items present in the GIT as well as the size threshold required to pass through 
the lower GIT. Retention time is also based on initial item size, item composition, 
and rate of wear within the GIT35. Fragments, the dominant morphology found in 
individuals within this study, may also be prone to reduced retention times due to 
increased exposure to UV and other environmental stressors that caused and 
continued their fragmentation from intact items35.  
van Franeker and Law (2015) suggested Northern fulmars excrete 
approximately 75% of their plastic load within one month based on assessment of 
plastic loads in fulmars between their breeding and non-breeding locations. 
However, their inference did not account for possible transfer from adults to 
chicks during chick-rearing, which may reduce the incidence of plastics in adults 
via offloading to chicks. Alternatively, direct studies of plastic pellet breakdown 
in seabirds suggest slow breakdown of plastics in vivo, as industrial pellets fed to 
white-chinned petrel fledgings lost only ~1% of their mass over 12 days within 
the GIT, making excretion within a month improbable (Ryan and Jackson 1987).  
Our data strongly suggest that plastic fragments within the size ranges 
observed here are not be retained indefinitely by Great Shearwaters, but rather are 
replaced in less than 5-6 months to reflect changes associated with migration-
related shifts in ambient environment. However, we acknowledge there is likely a 
lag of uncertain duration as birds excrete plastic from previous environments and 
assimilate new plastic items from current environments. We do not believe 
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changes in polymer signature between locations are due to dilution of signature by 
accumulation of more plastic items (e.g. apparent lower proportion of PP mixes in 
North Atlantic birds due to accumulation of more plastics overall), because birds 
from all locations contained similar counts and mass of plastic items (Table 1). 
We also note that our inference is based on comparisons more removed from the 
influence of intergenerational transfer, as samples reflecting breeding phase adults 
were collected at the end of chick-rearing in March/April 2018, while adults and 
juveniles from Massachusetts Bay were collected in August – November after use 
of NW Atlantic regions for >2 months. Recommendations for future monitoring 
Over 50% of Great Shearwaters sampled in this study surpass the EcoQ 
standard for plastic ingestion in seabirds, which suggests no more than 10% of a 
given seabird population should contain a mass of plastic greater than 0.1g24,25,34.  
We recommend increased standardization of approaches within studies 
focusing on plastic ingestion in Great Shearwaters to more fully leverage the 
utility of this species as an indicator of the subtropical and temperate Atlantic 
regions upon which it relies. Mass, count, and FO should be presented for each 
compartment of the GIT as a function of month, age, and sex37, given the highly 
variable mass, count, and FO reported between different ages and locations across 
time. We particularly highlight the need for reporting plastic ingestion within each 
GIT compartment separately to facilitate increased use of bycatch samples within 
monitoring studies. Bycatch samples are prone to regurgitation impacting plastic 
loads in the proventriculus, but are more consistently available as Great 
Shearwaters are the most abundantly bycaught species in the Gulf of Maine48,49 
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and are also bycaught in the South Atlantic along the Patagonian Shelf50. Bycatch 
samples are also considered healthy prior to death and lack bias potentially 
associated with beach-cast samples which may have been sickly or compromised 
leading to death51,52.  
The subtropical North and South Atlantic stand to experience continued 
accumulation of plastic pieces in the coming decades47; with increased parity of 
approach, Great Shearwaters offer an abundant, compact method to monitor 
future plastic dynamics in these regions, and assess the efficacy of any future 
interventions to address plastic pollution. We encourage transboundary 
cooperation to more fully develop monitoring of this species, using the body of 
work surrounding the Northern fulmar in the North Atlantic as a model.  
1. Conclusions  
Our results confirm sustained plastic ingestion in multiple life stages of a 
Procellariiform seabird reliant on both the North and South Atlantic. Juveniles 
and non-breeding adults accumulated plastics more frequently than mature adults 
in their breeding phase. Fragments were the dominant plastic item ingested across 
all life stages and locations, although breeding birds in the South Atlantic were 
found to ingest larger plastic fragments compared to North Atlantic individuals. 
Significantly different polymer types between North Atlantic and South Atlantic 
birds suggests plastics turnover within the GIT commensurate with migratory 
phase, allowing Great Shearwaters to reflect their ambient environment after an 
assumed acclimation period. Crucially, this suggests mitigation of plastic sources 
within both the North and South Atlantic are key to reduce the incidence of plastic 
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ingestion in this species, which occurs at levels well above EcoQ thresholds 
considered acceptable for ecological health. Understanding plastic ingestion 
levels and effects in marine food webs and biota such as seabirds remains an 
important priority, as ocean plastic pollution is predicted to exponentially increase 
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TABLES AND FIGURES 
 
Figure 5.1. Map of Great Shearwater migratory routes (black lines), and sample 
collection locations (marked by colored points). Surface plastic density is indicated by 
heatmap gradients in pink and blue. No samples were collected off the Patagonian 
Shelf (marked by the yellow dot), but this location is heavily used by both adult and 























Table 5.1. Summary statistics describing accumulated ingested plastics by mass and 

































































































































































































































































































































































































































































































































































































































Table 5.2. Frequency of occurrence (FO) of ingested plastic by location, year, and 
age.  
Habitat Life Stage Year Age HY/AHY n FO (%)
Mass Bay Non-breeding All Mature na 23 87
Mass Bay Non-breeding All Young na 103 98
Mass Bay Non-breeding All Young HY 53 98
Mass Bay Non-breeding All Young AHY 16 94
Mass Bay Non-breeding 2008 All na 1 100
Mass Bay Non-breeding 2010 All na 17 94
Mass Bay Non-breeding 2011 All na 12 92
Mass Bay Non-breeding 2012 All na 27 89
Mass Bay Non-breeding 2014 All na 8 100
Mass Bay Non-breeding 2015 All na 13 85
Mass Bay Non-breeding 2016 All na 10 100
Mass Bay Non-breeding 2017 All na 26 92
Mass Bay Non-breeding 2018 All na 2 100
Mass Bay Non-breeding 2019 All na 19 100
SE NC In migration 2017 Young na 15 100
Gough Breeding 2012 Mature na 1 100









Figure 5.2. Proportions of each plastic morphology, as a percentage of the total count 
of plastic items measured within a given year and location. The summary of the 
Gough Island dataset presented herein omits one clear outlier that possessed 194 
plastic pieces of greater category diversity than observed within other mature birds 









Figure 5.3. A) Length and width and B) surface area and volume of plastic fragments, 
with colors indicating collection region. 95% of the data is displayed, with the upper 
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Interpreting observations of petrels at sea is generally limited by a lack of 
differentiating plumage characteristics indicating individual sex or age. Exceptions 
exist, including great shearwaters (Ardenna gravis), which have been previously 
proposed to display age-based nape coloration. Pyle (2008) suggested after hatch year 
and after second year individuals possess a more complete white collar compared to 
hatch year or second year individuals. Here we combine observations of known age 
great shearwaters across their breeding and non-breeding range to evaluate nape as an 
honest indicator of age. Data from necropsies, at-sea photos, and in-colony photos (n = 
333) were scored for nape aspect and compared to true age as ascertained via 
presentation of gonads and bursa of Fabricius or known breeding status. Pooling all 
data, nape presentation was not significantly different between age classes, and the 
accuracy of the nape ageing method was only 19%. Nape was significantly different 
between sexes in non-breeding individuals, with a higher proportion of white, “C” 
napes in females observed or necropsied in Massachusetts Bay. There was no evidence 
of the same sexual dimorphism in breeding individuals bycaught or observed at South 
Atlantic breeding colonies. We suggest nape is not a reliable indicator of age in this 
petrel species and suggest further evaluation of sex or trophic drivers as causes of 
plumage polymorphism in great shearwaters.  
 
INTRODUCTION 
The order Procellariiformes (hereafter petrels) includes many of the world’s most 




2004, Croxall et al. 2012). Petrels are long-lived compared to most other birds, with 
maturation taking from 3 to 12 years (Warham 1990). Recent interest in the early life 
history of petrels has been stimulated by rapid advances in bird-borne tracking 
technologies, which have revealed sometimes marked differences in both distribution 
and behavior between adults and immatures (Riotte-Lambert and Weimerskirch 2013, 
Campioni et al. 2020). However, notwithstanding technological advances, it remains 
challenging to track petrels during immaturity because most species are very wide-
ranging and return rarely to land during this life history stage (Rodríguez et al. 2019). 
Direct observational study of seabirds at sea could provide additional data on age-
related distribution, habitat use, and behavior. However, plumage coloration is largely 
uniform across age classes in most petrels (Onley and Scofield 2007), making it 
impractical to differentiate between adult and immatures observed visually at sea.   
Some exceptions to this rule do occur. For example, plumage coloration changes 
systematically with age in albatrosses (especially Diomedea spp.) and giant petrels 
(Macronectes spp.) (Hyrenbach 2002, Carlos and Voisin 2008, Prince et al. 1997, 
Weimerskirch et al. 1989). However, plumage coloration can also vary due to sex, 
breeding status, diet, predation pressure, molt, and feather wear (Arkos 2007, Le Corre 
1999, Meunier et al. 2011, Leal et al. 2019, Soravia et al. 2020). In some cases, these 
factors can confound attempts to age birds based on plumage alone. For example, 
among Diomedea spp. there is considerable overlap in the plumage aspect of 
immatures and females (Onley and Scofield 2007).  
Great shearwaters (Ardenna gravis) are abundant (world population approx.15 




Cunha group of islands, South Atlantic. In the austral summer adults forage in 
temperate to polar waters, including the Patagonian shelf, Benguela upwelling and 
intervening oceanic areas (Ronconi et al. 2018). In the boreal summer, great 
shearwaters migrate into the Northwest Atlantic, with high concentrations in coastal 
and pelagic waters of the Gulf of Maine, before continuing clockwise through the 
North Atlantic and back to breeding colonies in the fall (Voous and J. 1963, Powers et 
al. 2020). Despite recent at-sea study and tracking (Bugoni et al. 2015, Powers et al. 
2017, Ronconi et al. 2018, Hong et al. 2019), there remains considerable uncertainty 
about the movements of immature great shearwaters, so the ability to discriminate 
between adults and immatures at sea would be very useful ag-related differences in 
life histories (Powers et al. 2020).  
Great shearwaters have a dark brown cap and mantle, separated by a partial or 
complete collar of cream-colored feathers (Fig. 1). Pyle (2008) suggested that juvenile 
to hatching year/second (HY/SY) great shearwaters have a 'Nape with [an] indistinct 
to incomplete white collar', whilst after hatching year/after second year (AHY/ASY) 
they have a 'Nape with [an] indistinct to distinct white collar'. Pyle’s Figure 201 
illustrates three distinct nape classes, A, B or C forming a spectrum from dark, through 
partial, to light coloration (inset, Fig. 1). The caption adds that 'it is possible that 
AHY/ASYs resembling C can reliably be aged to ASY/ATY [after second/third year] 
or older' but notes that more study is required to confirm these patterns.  
Here we assess nape plumage scores of known-status great shearwaters sampled 




nape coloration is a reliable marker of age class. In addition, we test for variation in 




From 2010 – 2017 the National Oceanic and Atmospheric Administration 
Northeast Fisheries Observer Program (Falmouth, MA) supplied us with dead great 
shearwaters  bycaught in fisheries in Massachusetts Bay, USA (n = 174). Bycatch 
birds were obtained between May and December, with most birds collected in August, 
September, and November across all years. Additional dead great shearwaters were 
obtained in March and April 2018 during the chick-rearing phase adjacent to the 
breeding colony at Gough Island in the South Atlantic as longline bycatch in 
collaboration with Tristan Conservation (n = 25). Each individual was partially thawed 
and necropsied following van Franeker (2004) in order to obtain the following data: 
plumage characteristics, external morphometrics, organ weights, body condition, sex 
and stomach contents. Individuals were aged based on molt status, presence of the 
bursa of Fabricius, and stage of gonad development as previously described (Table 1) 
(Powers et al. 2020, Broughton 1994). Napes were classified following Pyle (2008) 
(Fig. 1) as A, B or C by ARR and/or KDP prior to necropsy. 
Birds in the colony 
The napes of adult and fledgling great shearwaters were photographed on Gough 
Island during the breeding season. Adults were photographed between colony arrival 




prior to leaving the colony (May 3 to 8, 2018). Birds were removed by hand from 
burrows during the daytime, photographed and then returned to their burrows. Adults 
were either known breeders, previously marked as part of a long-term demographic 
and tracking studies, or unmarked non-breeders. Fledglings were taken from active 
breeding burrows. At the time, they had attained their first plumage, but some retained 
traces of down. 
Napes of adults and unknown age great shearwaters were also photographed on 
Gough Island and Inaccessible Island during the 2009 breeding season. On Gough, 
birds were photographed during initial colony arrival and courtship period (September 
22 to October 02), including individuals (n = 2) and pairs outside of burrows at night 
(n = 5 pairs, 10 individuals), individuals in flight at dusk (n = 9), and individuals 
handled in tagging study which were removed from burrows during the daytime (n = 
2).  Though these birds were attending nests and some pairs were observed copulating, 
age was not known and some may not have been mature, but all were likely after 
second year.  On Inaccessible Island, during early incubation (November 10 to 
December 01) birds were photographed during tagging studies (n = 4 males and n = 5 
females; Ronconi et al. 2018) or opportunistically at burrow entrances (n = 3).  Due to 
opportunistic nature of photographs, nape scoring was not possible for all images. 
Napes were scored A, B, or C from these photographs independently by the two 
coauthors who classified the necropsied birds. To ensure that this was done double-
blind, EDW supplied ARR and KDP with a pdf file of the photographs, which ARR 
and KDP had not seen previously. The pdf was generated using an R script which 




true ages of the birds in each image. This file was not consulted until after the napes 
had been classified. Nape classifications were highly consistent between both 
observers, with little or no disagreement between nape designations. Nape 
designations where disagreement occurred were removed from the sample set.  
 
Statistical analyses 
Birds assessed from the South Atlantic were designated as within the 
breeding/chick-rearing phase while birds from Massachusetts Bay were considered 
non-breeding. Chi-squared Tests of Independence or Fisher’s exact tests were used to 
compare ratios of nape classes between age groups, sexes, locations and sampling 
years. Confusion matrices using Pyle’s age classes (HY/SY, AHY/ASY) were used to 
assess classification accuracy of known-age individuals (Fielding and Bell 1997). 
Necropsied birds classified as “AHY/Not Mature” were omitted from this part of the 
analysis, as this category could include both HY/SY and AHY/ASY classes. All 




We assessed the nape plumage class of 333 birds, comprising 135 photographed 
in colonies and 198 necropsied birds. Pooling all data, the ratio of nape classes 
(A:B:C) did not differ significantly between age classes, defined following either Pyle 
(2008) (X2 4, 333 = 3.43, p = 0.489), or Powers et al. (2020), (X2 4, 333 = 4.01, p = 0.405) 




In our dataset, 218/333 individuals were assigned a B nape. This means that 65% 
of the individuals we observed could not be reliably aged using Pyle’s suggested nape 
plumage method alone (according to the latter, B napes could be any age from HY to 
ASY). Based on breeding/chick-rearing status observed in the colony or on criteria 
assessed during necropsies, we were able to unambiguously classify 254 birds as HY 
or mature. As in the wider dataset, the majority of individuals (66%) in this subset had 
type B nape, and therefore could not be assigned to either HY/SY or AHY/ASY 
according to the Pyle method. Of the remaining 86 birds designated as A or C, 55% of 
HY birds were appropriately assigned as HY/SY based on nape aspect, while 43% of 
mature birds were correctly assigned to AHY/ASY. The resulting overall accuracy of 
the nape method, with consideration of the B napes, was therefore only 19% (Table 2).  
Considering only birds bycaught in Massachusetts Bay from 2010 – 2017 (Fig. 
3), the ratio of nape classes (A:B:C) differed significantly among some years (Fisher’s 
exact test, two-sided, p < 0.001).  
Nape class ratios also varied with location and sex. At all locations, some mature 
birds had type A napes, while some immatures from both Gough and Massachusetts 
Bay possessed type C napes. Nape presentation differed in Massachusetts Bay HY and 
mature birds compared to individuals from the same life history stages in the South 
Atlantic, with an increased frequency of Type C napes in Massachusetts Bay (X2 2, 41 = 
74.95, p < 0.001). Nape presentation was not different between HY and Mature birds 
at Gough Island (X2 2, 147 = 4.04, p = 0.133), nor between birds at Gough and 




different between age classes in Massachusetts Bay (X2 2, 174 = 10.88, p = 0.028) (Fig. 
4).  
Further stratification by sex reveals that the relatively high proportion of type C 
napes in Mass. Bay is driven by females, which have a higher proportion of type C 
napes than males in that location (X2 2, 174 = 12.16, p = 0.002) (Fig. 5). This variable 
presentation of nape aspect and the increased proportion of C napes in Massachusetts 
Bay females occurs in each age class observed in this area (HY: X2 2, 70 = 6.63, p = 
0.036, AHY/Not Mature: X2 2, 74 = 8.93, p = 0.011, Mature: X2 2, 30 = 46.42, p < 0.001).  
However, this is not apparent among birds necropsied from bycatch in the South 
Atlantic adjacent to Gough Island where mature males have patterns of nape 
presentation statistically indistinguishable from mature females (X2 2, 28 = 4.26, p = 
0.119). Though limited in size, lack of C nape scored in mature males (n = ?) and 
females (n = ?) from Inaccessible further suggests lack of sexual differences during 
the breeding/chick-rearing period.  We could not ascertain if this also applies in 
immature birds from the breeding colony because the sexes of these birds were 
unknown.  
DISCUSSION 
Our results show that while a slightly higher proportion of fledgling and 
immature great shearwaters have all-dark napes compared to adults, this effect is small 
and not a reliable way of discriminating between HY/SY and AHY/ASY or older birds 
as hypothesized by Pyle (2008). The occurrence of known hatch-year great 
shearwaters with type C (light collared) napes and known mature, breeding individuals 




(65%), regardless of age, have nape coloration intermediate between all dark and a 
complete light collar. Thus, we suggest there is no evidence to suggest a lifetime 
progression from dark to light collars as suggested by Pyle (2008).  
Given the lack of systematic variation in nape aspect with age, remaining causes 
of the differences that we observed potentially include environmental, sexual, or 
genetic factors. Specifically, our data suggests that nape plumage varies subtly but 
systematically with sex and location, as females in the NW Atlantic displayed a higher 
proportion of type C napes, with most samples informing this observation collected 
from August – November directly preceding or overlapping the timing of courtship, 
burrow staging, or breeding activities (September – January). Moreover, among 
females in the NW Atlantic, mature birds had a higher a proportion of type C napes 
than either HY and young birds. However, during the breeding/chick-rearing period at 
the colony, mature males and females displaying a statistically similar proportion of C 
napes (17% and 10%, respectively). The fact that this sex-specific shift of C nape 
presentation between locations occurs among mature birds suggests that nape plumage 
may have a sexual display function. Mature birds included in this study were not aged 
specifically using banding or colony monitoring, and therefore we are unable to 
comment on how nape characteristics may change over the long reproductive period 
of mature birds spanning decades of breeding seasons, as seen in other petrels 
(Hyrenbach 2002).  
Evidence from seabirds and other bird taxa provides context regarding potential 
sexual drivers of nape characteristics in great shearwaters. Allopreening, especially of 




(Kenny et al. 2017) and in some species more robust neck biting occurs. In Northern 
gannets, both male and females start the breeding season with yellow heads, yet the 
female head and nape become increasingly speckled with white plumage over the 
course of the breeding season (Redman et al. 2002). Males of this species engage in 
neck biting, which may damage feathers on the females’ neck and prompt their 
replacement with white feathers. However, Nelson (2001) suggested the occurrence of 
white speckling on female birds cannot be related to courtship or sexual behaviors, 
due to the presence of white speckling in immature females and some males (Nelson 
2001). Great shearwaters have also been observed to engage in allopreening during 
courtship, but it is unlikely that any white feathers on female napes lost during these 
behaviors would be replaced with energetically more costly brown plumage. . 
Additionally, this dataset lacks data detailing sex of immature birds in the South 
Atlantic to ascertain any transition (or lack thereof) to darker napes in non-breeding 
females not subject to courtship behaviors.  
Nelson (2001) also suggested that gannet chicks have dark plumage because 
white plumage elicits an aggressive reaction from adults. In the case of great 
shearwaters, a white nape may be preferred for females only during pre-breeding and 
courtship stages, thereafter the white collar is replaced with darker nape plumage to 
avoid aggression from males. This may also explain the slightly higher incidence of 
dark, type A napes in immature individuals.  
Additionally, great shearwaters are unusual among the small-medium petrels in 
that they engage in courtship display in the daylight, usually in the evening. They are 




differences in vocalizations (Brooke 1988). These lines of evidence suggest this 
species may rely more on visual cues about conspecifics and potential mates. A higher 
proportion of white napes in mature females may therefore play a role in visual 
courtship displays and mate identification. In multiple taxa including and beyond 
petrels, plumage coloration and brightness indicate nutritional condition and quality of 
the individual with implications for reproductive behaviors (Hill 1991, McGraw et al. 
2002, Meunier et al. 2011, Soravia et al. 2020). For example, nocturnal Mediterranean 
Storm Petrels (Hydrobates pelagicus melitensis) show condition-dependent 
presentation of chest and tail plumage in breeding males based on UV spectrometry 
measurements (Soravia et al. 2020). Differences in presentation were solely apparent 
in colonies subject to unfavorable environmental conditions. Soravia et al. 
hypothesized this sexual dimorphism in achromatic plumage may function as a signal 
of male quality during mate selection by females, or as an indicator of body condition 
to rival males during defense of burrow territories. Within our study species, disparity 
in plumage presentation between sexes during the pre-breeding period in 
Massachusetts Bay may likewise function in mate selection or other sexually-mediated 
roles not explored within the scope of this dataset. 
In summary, our findings show that nape color is not a reliable signal of age as 
previously suggested and that underlaying causes and patterns of sex-specific nape 
polymorphs in great shearwaters warrant further investigation across their breeding 
and non-breeding range. Despite the long-standing challenges associated with sexing 
and aging petrels at sea, the development of methods based on plumage and other 




group includes some of the world’s most threatened birds (Croxall et al. 2012) and 
understanding and mitigating threats such as bycatch requires an understanding of if 
and how they affect different demographic groups asymmetrically at sea (Dias et al. 
2019). Beak scaling, hormonal differences, telomere length, and pre-maxillary gape 
width have proven useful in age determination in other seabird taxa, and merit further 
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Figure 6.1: Examples of each nape class as observed in live birds. The diagram inset 
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Figure 6.2. Variation in nape class (as defined in Fig. 1) by age class defined 
following either (A) Pyle (2008) or (B)Powers et al. (2020). Both panels include 





Table 6.2. Confusion matrix presenting counts of known age (HY or Mature) birds, 
compared to the age class as predicted according to Pyle’s nape classification system, 
under the “Inferred from nape” heading.  
True   AHY/ASY     HY/SY        Unk
  AHY/ASY     20 26 107




































Improved characterization of Great Shearwater demographics and contributions to 
Stellwagen Bank National Marine Sanctuary research priorities. Execution of the 
contaminant studies that were the primary focus of this dissertation required a large-
scale necropsy program that entailed collection of comprehensive demographic and 
morphometric data. To date, 366 Great Shearwaters and 22 individuals from other 
species collected from 2009 – 2019 were necropsied in support of various studies 
presented herein. Biological data from this necropsy work was used to collaboratively 
answer several questions about Great Shearwaters, a key sentinel species in 
Massachusetts Bay1. Primarily, demographic data paired with plumage observations 
were used to correct guidance from previous work suggesting plumage is an indicator 
of age in Great Shearwaters (Chapter 5). Pyle (2008) previously suggested that nape 
coloration is an indicator of maturity, with completely dark napes associated with 
hatch year or second year birds while completely white napes were associated with 
older individuals. Here we found nape is not an honest signal of age in juvenile or 
adult Great Shearwaters, at any point in their life cycle. This finding enables future at-
sea observational studies to avoid misleading age classifications based on plumage 
coloration. However, we noted a higher abundance of complete white napes in 
females, suggesting nape coloration may potentially act in mate selection or other 
reproductive processes. Further work is required to determine any significance of nape 




the duration of the breeding phase may be helpful to parse out sexual drivers of nape 
plumage.  
Great Shearwaters have been previously documented to be the most commonly 
bycaught species in Massachusetts Bay2,3; necropsy data obtained via this dissertation 
also revealed that ~90% of bycatch Great Shearwaters from Massachusetts Bay are 
juveniles, and males and females are equally represented in the bycatch sample set. 
This is the first quantitative description of Great Shearwater bycatch demography and 
leaves outstanding questions regarding how the preferential loss of pre-reproductive 
individuals may impact overall population dynamics, as bycatch of Great Shearwaters 
can remove thousands of individuals per year, though Great Shearwaters as a species 
are not considered threatened due to a previous population estimate around 15 million 
individuals in the early 2000s. A follow-up project exploring this question is underway 
using the demographic data collected within this dissertation and demographic 
modeling tools previously applied in other seabird-fishery interaction scenarios4.  
Morphometric and demographic data combined with satellite tracking data of live 
birds also suggests that Massachusetts Bay and the SW Gulf of Maine are 
preferentially used by juvenile individuals as a “nursery” area upon their arrival to the 
Gulf of Maine, likely due to consistent supplies of sand lance (Ammodytes spp.), a key 
forage fish that favors sandy bottom substrates and shallow environments (co-author 
work, Powers et al. 2020)5. This work has implications for protected area management 
and resource conservation, due to potential sand mining and wind lease exploration 
within the SW Gulf of Maine.  Additionally, time series data of bulk ẟ15N and ẟ13C 




shifts in trophic level or primary productivity (Chapter 2). These data suggest slight 
shifts in Great Shearwater trophic level based on variable ẟ15N ratios over 2010 – 
2019. While the changes over time are slight and are not thought to meaningfully 
impact pollutant dynamics seen here, they may indicate potential fluctuations in prey 
use, such as variable reliance on sand lance, menhaden, or squid each given year. 
Temperatures in the Gulf of Maine and Massachusetts Bay are rapidly changing due to 
climate change, with commensurate changes in regional fish assemblages that may be 
playing a role in the shifts we see here6,7. Further work will continue analyzing stable 
isotope ratios in Great Shearwaters over time to better quantify any long-term shifts in 
trophic level, and incorporate baseline measurements from a wider suite of forage fish.  
Additionally, involvement in Stellwagen Bank National Marine Sanctuary’s Great 
Shearwater research team facilitated collaboration with sand lance research ongoing in 
the Sanctuary. In collaboration with another PhD candidate, bulk lipid measurements 
were carried out in 202 sand lance collected over the 2019 growing season, and results 
indicated that fish lipid content varied by up to 30% over growth and reproductive 
phases spanning February to November. Sand lance from Stellwagen Bank National 
Marine Sanctuary reached their peak lipid content commensurate with the arrival of 
Great Shearwaters in June - August. This work also predicted tremendous changes to 
sand lance abundance due to climate-related drivers (Co-author work, Suca et al., in 
review), and further research is required to understand how this may impact seabirds 
heavily reliant on the abundance of this lipid-rich species at a specific time and 
location. Ongoing work is also exploring PFAS and hydrophobic contaminants in the 





Distributions of PFAS in seabirds across space and time. PFAS were last assessed in 
seabirds from the US East Coast in the late 1990s and early 2000s. This dissertation 
provides an updated description of PFAS in select US East Coast seabirds by 
measuring legacy and novel PFAS in livers from several species of seabird from 
habitats representative of low, medium, and high PFAS exposure potential. We also 
measured PFAS in Great Shearwaters from Massachusetts Bay, an offshore 
environment associated with low PFAS exposure potential, from 2010 – 2019 
(Chapters 1 & 2).  
We found seabirds reared downstream from a major fluoropolymer production 
site in SE North Carolina contained elevated concentrations of PFAS, including novel 
PFEAs Nafion BP2, PFO5DoDA, and PFO4DA. Nafion BP2 was also detected in 
seabirds with no known connection to the region downstream from the industrial 
region, dating back to 2010 in Great Shearwaters. Our measurements represent the 
first identification of these PFEAs in seabirds, and at the furthest distances from the 
known production site to date. Our results also indicate the capacity for long-range 
transport of Nafion BP2, and raise the possibility of as-of-yet unidentified additional 
sources of PFEAs to the environment. Future work should prioritize measurements of 
PFEAs, specifically Nafion BP2, in multiple environmental and biological receptors to 
better constrain sources, distributions, and bioaccumulation potential of these 
emerging compounds.  
We also found significant concentrations of legacy PFAAs including PFOS and 




– 2019. Individuals reared downstream from the industrial site in North Carolina 
possessed the highest total concentration of legacy PFAAs, while ∑19PFAS was 
statistically similar between Massachusetts Bay and Narragansett Bay birds despite 
their differential proximity to point sources of PFAS.  
Despite being phased out in the early 2000s, PFOS was the most abundant 
compound identified in most individuals, at levels associated with toxicological 
significance (> 140 ng/g wet wt. in liver) in other bird taxa8. Measurements in Great 
Shearwater livers from 2010 - 2019 suggest PFOS and FOSA levels are slowly 
decreasing over time in this species due to the voluntary phase-out of PFOS and its 
salts in the early 2000s; this decline is in line with observations from other taxa and 
locations9,10. 
C8 – C13 PFCAs were also found in most individuals measured in this work; the 
C11 PFUnDA was generally the most abundant PFCA identified. PFCAs made up a 
larger proportion of ∑19PFAS in Massachusetts Bay birds compared to Narragansett 
Bay or Cape Fear individuals, and no consistent trends in PFCAs were identified in 
Massachusetts Bay Great Shearwaters over time. The lack of a clear temporal trend is 
in contrast to prior work that has identified increasing PFCA levels over time in birds 
and other taxa11,12, and may indicate an ongoing change point whereby long-chain 
PFCAs are ceasing to increase in the environment13.  
This work also described concentrations of 7:3 FTCA, a fluorotelomer carboxylic 
acid formed through degradation of volatile PFAS, in Great Shearwaters from 
Massachusetts Bay from 2010 - 2019. 7:3 FTCA likewise demonstrated no clear linear 




but alternated with PFUnDA as the second most abundant compound found in each 
individual. This compound has been previously identified in marine mammals from 
the NW Atlantic, and our work marks the first identification of this compound in a 
seabird from the Atlantic Basin. This compound has demonstrated toxicity thresholds 
up to 10,000 times lower than PFCAs, and requires further research to constrain 
possible impacts or trends.  
These results lead to further questions regarding current PFAS levels in other 
marine fauna. Further work should prioritize monitoring of PFAS in US East Coast 
environments and biota, considering the high population density along the US Eastern 
Seaboard, the abundance of PFAS sources present within this region14, and the 
importance of commercial fisheries to regional economies. Future efforts would 
benefit from inclusion of a broad compound list to evaluate trends in emerging PFAS 
like PFEAs and 7:3 FTCA, given the noted paucity of data describing their 
environmental and biological occurrence.  
 In particular, PFAS and other emerging contaminants should remain a 
monitoring focus in Massachusetts Bay, given the demonstrated ubiquity of these 
compounds in seabirds from the region, sustained pollutant inputs from regional urban 
sources, associations between PFAS and bird individual condition (see below), and the 
importance of this productive offshore region for commercial fisheries and critically 
endangered megafauna like the North Atlantic Right Whale.  
Follow-up work based on the findings presented within this dissertation will 
measure novel and emerging PFAS in baleen, liver, fat, and skin from several species 




kind information and improve our understanding of PFAS levels in apex marine biota 
from this region. Additionally, a food web study incorporating sediment, water, 
plankton, fish, and Great Shearwaters from Massachusetts Bay is nearing completion 
(delayed due to COVID-19) and will further develop understanding of PFAS in the 
region.  
Further work should also continue to monitor trends in PFAS levels over time in 
wildlife populations across the broader US Atlantic Coast, in tandem with 
characterization of PFAS levels in ambient natural waters using water grab sampling 
or passive sampling techniques. We expect changes in emissions or production of 
PFAS to be rapidly reflected in US East Coast biota and environments, due to the 
region’s embedded population centers and PFAS sources. An increased body of time 
series data from the US East Coast would therefore allow evaluation of fluctuations or 
trend responses that may indicate the efficacy (or lack thereof) of future policy and 
production interventions; such data would also provide an indication of potential trend 
changes expected in other, more remote regions around the globe (i.e. the Arctic).  
Associations between PFAS and bird condition. This work assessed relationships 
between PFAS levels measured in seabird livers and a suite of biological and 
morphometric variables measured in each bird, using Spearman correlation analyses. 
We found negative relationships between liver phospholipid levels and PFOS and 
PFNA concentrations in birds from Massachusetts Bay and the Cape Fear River 
Estuary, as well as negative relationships between fat depth and several PFAS 
(Chapters 1, 2). Negative associations between PFAS levels and lipid expression have 




documentation of this phenomena in a wildlife population. The range of exposure 
associated with lipid changes in the offshore birds (11 – 44 ng/g) was much lower than 
thresholds identified by controlled studies and field-based studies (140 ng/g). Further 
work evaluating associations between PFAS and lipids in wildlife is crucial, given the 
importance of finely-tuned lipid dynamics for growth, reproduction, migration, and 
other key developmental milestones, and the potential for individual adverse effects to 
scale to population-level impacts. To date, population level impacts of PFAS in birds 
or other wildlife is completely unexplored. This finding has also led to a follow-up 
study involving measurement of 1,300 lipid moieties in wild birds and hepatocyte 
cultures of bird cells, to specifically identify the types of phospholipid most related to 
PFAS levels. Further exploration of this phenomena could be conducted using serum 
samples collected in live birds with commensurate measurement of blood chemical 
parameters using inexpensive veterinary testing kits; this would allow measurement of 
PFAS levels and serum lipids alongside other biomarkers indicative of physiological 
changes.  
We also found varied associations between kidney weight, liver weight, wing 
chord, body condition of Great Shearwaters, and various PFAS levels (Chapter 2). 
Some of the same relationships between morphometric measurements and PFAS 
levels were recently identified in two species of Pacific shearwater16. These results are 
challenging to frame, because scant data exists describing the mechanism through 
which PFAS may be associated with or driving these relationships, but these changes 
may be related to PFAS-driven hormonal disruptions that impact structural growth. 




contaminants or trophic factors may be influencing these results. More controlled and 
field study investigating sublethal outcomes in avifauna exposed to environmentally 
relevant levels of PFAS and other pollutants would be helpful to better clarify if or 
how PFAS may be related to these morphometric outcomes. Again, it is unclear what, 
if any, population level impacts may result from the associations between PFAS and 
bird condition and size observed within this study.  
Internal behavior of PFAS. PFAS were measured in eight tissues of seabirds 
from Massachusetts Bay, Narragansett Bay, and the Cape Fear River Estuary (Chapter 
3). These tissue-specific measurements were particularly valuable, because they 
facilitated exploration of mechanisms driving partitioning of legacy and novel PFAS 
through comparative means.  
This study found PFAAs and PFEAs throughout multiple tissues of birds from 
each habitat (Chapter 3). This is the first work to document PFO4DA, PFO5DoDA, 
and Nafion BP2 in multiples tissues of environmentally exposed vertebrates. Blood, 
liver, kidney, lungs, and brain were found to possess the highest PFAS concentrations. 
PFOS and PFNA were most abundant in liver, while PFEAs were more abundant in 
blood. Quantum chemistry calculations suggest the preferred partitioning of PFEAs 
into blood may be due to different surface charge potential and/or folding 
conformations that reduce the ability of PFEAs to bind to liver proteins in the same 
way as PFAAs. Long-chain PFCAs preferentially partitioned into brain tissue; PFEAs 
were also identified in brain, marking the first time these emerging compounds have 




Further work should examine the tissue-specific distributions of PFEAs in other 
biota, given the increasing use of these emerging PFAS in fluoropolymer production 
and the lack of research parameterizing internal distributions of these ether-based 
compounds. Additionally, more research is required to determine levels of 
toxicological concern associated with potential impacts in multiple tissues. Existing 
thresholds of concern focus on liver, egg, or blood, yet this data and a limited number 
of other studies17–19 investigating PFAAs in a tissue-specific manner confirm that 
kidney, lungs, and brain are also important PFAS reservoirs.  
The totality of PFAS research and associated expertise documented within this 
dissertation likewise contributed to development of a large critical review, as part of a 
wider team effort seeking to review human and wildlife exposure to PFAS (Co-author 
work, De Silva et al. 2021, Accepted).  
Accumulation of ingested plastics in seabirds. The accumulation of ingested plastics 
was assessed in 175 adult and juvenile Great Shearwaters necropsied as part of this 
dissertation (Chapter 4). An average of 8 plastic pieces were found in each individual. 
Juveniles accumulated plastic more frequently than adults, with an ingestion frequency 
of 98% compared to 58% in breeding adults. The frequency of plastic occurrence (FO) 
observed in juveniles was higher than in previous studies focused on this species in 
prior decades20,21. The physical dimensions, morphological category, and polymer 
makeup of each plastic piece were assessed, and revealed that breeding phase adults 
from Gough Island in the South Atlantic ingested larger plastic fragments compared to 
mature and juvenile Great Shearwaters in the NW Atlantic, likely due to size-mediated 




polyethylene was the primary polymer ingested across all habitats, Gough Island 
adults ingested a higher proportion of polypropylene mixes compared to a higher 
incidence of polyethylene and “other” type plastics, composed primarily of balloons. 
These results suggest Great Shearwaters turn over plastics rapidly enough to reflect 
different plastic signatures associated with contrasting ambient environments. This 
contribution adds evidence to the otherwise still-uncertain retention time of ingested 
plastics in seabirds23. Future work monitoring plastics in Great Shearwaters should 
prioritize use of standard approaches24, while incorporating measurements from 
multiple age groups and locations to further refine the retention of plastic pieces in this 
sentinel species.  
Overall Policy and Management Implications. The seabird demographic data 
produced within this work provide the first quantitative description of Great 
Shearwaters using the Massachusetts Bay region, and may be useful for future 
resource management. By demonstrating the importance of Massachusetts Bay for 
juvenile Great Shearwaters, this finding suggesting the need to balance the timing or 
location of compatible uses with use of the region by young, naïve seabird individuals 
reliant on consistent food resources and environmental conditions. These results also 
highlight the importance of bycatch practices that reduce potential for seabird-fishery 
interactions, considering bycatch is preferentially removing potentially thousands of 
juveniles per year with uncertain implications for the population.  
The descriptions of PFAS occurrence and possible impacts described in this work 
may also be useful to inform policy and management initiatives. Primarily, this work 




FTCA in seabirds from several habitats. Only PFOS has been vetted for effects in 
controlled and field settings, highlighting the need for science and policy to expand to 
understand and potentially mitigate the proliferation of other PFAS beyond PFOS in 
biota.  
The decreasing trends of PFOS and FOSA identified in this dissertation and 
elsewhere indicate that phase-out or regulation of specific, well-studied PFAS leads to 
decreases in environmental matrices on observable time scales. As more PFAS are 
deemed harmful, policies mandating cessation of use are essential to protect human 
and ecological health. More logically, this work suggests PFAS and other human-
created chemicals should be vetted for the totality of environmental behaviors before 
production and introduction to the environment to prevent regrettable, unintended, and 
irreversible environmental outcomes. For example, long-chain PFCAs, rarely 
produced intentionally, along with a degradation compound 7:3 FTCA, were some of 
the most abundant compounds found in seabirds from multiple habitats. The 
downstream bioaccumulation of these inadvertently created compounds underscores 
the importance of understanding and assessing the risk of the total potential life-cycle 
of a given PFAS prior to use and release to prevent the environmental formation of 
bioaccumulative and ubiquitous terminal end products like long-chain PFCAs or 7:3 
FTCA. 
Given this proactive approach is not currently formalized in policy or practice 
within the US, results obtained within this dissertation indicate the need to avoid 
policy or scientific assumptions that assume novel PFAS are innocuous or 




account for the newly discovered bioaccumulation potential and environmental 
mobility of these novel PFAS. PFEAs are currently in use as replacements for some 
legacy PFAS, and these results demonstrate these new compounds spread in the 
environment and accumulate across a range of tissues akin to the compounds PFEAs 
are intended to safely replace, and therefore should receive the same scientific and 
regulatory scrutiny as their legacy counterparts. The preference of PFEAs to partition 
to blood compared to other tissues suggests blood monitoring may be an important 
tool to understand PFEA distributions in other species or locations, yet further 
research is required to parametrize accumulation and potential impacts of PFEAs in 
multiple tissues considering the abundant concentrations of these compounds found 
across eight tissues included in this study.  
The sustained occurrence of both legacy and novel PFAS in seabirds and their 
association with a range of body condition changes at environmentally relevant 
concentrations demonstrated herein suggests sublethal impacts may be ongoing, yet 
little work meaningfully explores the implications of PFAS in marine food webs 
despite the importance of these environments for seafood production and human 
economies. Funding mechanisms should prioritize exploration of PFAS in marine 
food webs to better parameterize the underexplored range of individual and 
population-scale impacts of PFAS in marine biota at ambient exposure levels. 
Chemical production and clean-up policies should then follow suit to ensure marine 
food webs and seafood resources are safe for human and wildlife consumption.  
This work additionally underscores the importance of policies and practices that 




plastic items found within seabirds were recyclable polymers that likely ended up in 
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This appendix contains co-author and collaborative works undertaken during the PhD 
Candidacy, beyond the primary research aims.  
 
Contribution 1: Authorship of Stellwagen Bank National Marine Sanctuary’s 
Condition Report sections on water quality and contaminant monitoring (pages 323 – 
348) 
 
Contribution 2: Co-author in Markham et al. 2018; contributed analysis of PBDE-209 
in seal milk samples via GC/ECNI-MS (pages 349 – 358) 
 
Contribution 3: Co-author in Powers et al. 2020; contributions including participation 
in field work, provision of all necropsy data, drafting and editing of text detailing 
necropsy/ageing methods and significance, and active role in manuscript editing and 
revision (pages 359 – 373).  
 
Contribution 4: Co-author in Suca et al. 2020, in review; contributions included 
extraction and analysis of 202 fish for lipid content with primary author, active role in 
manuscript revisions related to lipid content hypotheses (pages 374 – 418).  
 
Contribution 5: Co-author in De Silva et al. 2021, accepted; contributions included 
authorship of wildlife exposure and bioaccumulation section in collaboration with two 
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TABLE OF PFAS ACRONYMS 
 
This appendix contains the full name, abbreviations, molecular structure, CAS 






Compound Abbreviation Chemical Formula CAS #
PFAS Family 
after Buck et 
al. 2011
Some Potential Sources or Uses
Perfluorobutyric acid PFBA C4HF7O2 375-22-4 PFCA
Chromatographic reagent, manufacturing of 
photographic film, breakdown product of 
precursors or other PFCAs
Perfluoropentanoic acid PFPeA C5HF9O2 2706-90-3 PFCA
Stain and grease proof coatings on food 
packaging, couches, and carpets, breakdown 
product of precursors and other PFCAs
Perfluorobutanesulfonic acid PFBS C4HF9O3S 375-73-5 PFSA Stain repellent; Replacement for PFOS 
Perfluorohexanoic acid PFHxA C6HF11O2 307-24-4 PFCA Breakdown product of PFHxS 
1-Octanesulfonic acid, 
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro- 4:2-FTS C8H5F13O3S 27619-97-2 FTS Potential impurity of 6:2 FTS creation
1-Pentanesulfonic acid, 
1,1,2,2,3,3,4,4,5,5,5-undecafluoro- PFPeS C5HF11O3S 2706-91-4 PFSA
Firefighting foams, stain and grease proof 
coatings on carpets and other textiles
Perfluoroheptanoic acid PFHpA C7HF13O2 375-85-9 PFCA Surfactant 
Perfluorohexanesulfonic acid PFHxS C6HF13O3S 355-46-4 PFSA Firefighting foam 
Perfluorooctanoic acid PFOA C8HF15O2 335-67-1 PFCA Nonstick coatings,  general surfactant and polymerization/processing aid
1-Octanesulfonic acid, 
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro- 6:2-FTS C8H5F13O3S 27619-97-2 FTS Firefighting foam, mist suppressant
Perfluoroheptanesulfonic acid PFHpS C7HF15O3S 375-92-8 PFSA Firefighting foams, stain and grease proof coatings on carpets and other textiles
Perfluorononanoic acid PFNA C9HF17O2 375-95-1 PFCA Performance plastic production, general surfactant and processing aid
Perfluorooctanesulfoamide FOSA C8H2F17NO2S 754-91-6 FASA
Used as raw material in the electrochemical 
fluorination process to make substances that are 
used for surfactants and surface treatments. 
FASAs can degrade to form PFAAs such as 
PFOS
Perfluorooctanesulfonic acid PFOS C8HF17O3S 1763-23-1 PFSA Firefighting foams, stain and grease proof coatings on carpets and other textiles
Perfluorodecanoic acid PFDA C10HF19O2 335-76-2 PFCA
Rarely used in commercial products directly. 
Breakdown or process byproduct of stain and 





8:2-FTS C10H5F17O3S 39108-34-4 FTS Mist suppression, metal plating
Perfluorononanesulfonic acid PFNS C9HF19O3S 68259-12-1 PFSA Impurity of production
Perfluoroundecanoic acid PFUnDA C11HF21O2 2058-94-8 PFCA
Rarely used in commercial products directly. 
Breakdown or process byproduct of stain and 
grease proof coatings, other PFCA surfactant 
uses
N-methylperfluoro-1-
octanesulfonamidoacetic acid N-MeFOSAA C11H6F17NO4S 2355-31-9 FASAA
N-ethylperfluoro-1-
octanesulfonamidoacetic acid N-EtFOSAA C12H8F17NO4S 2991-50-6 FASAA
Perfluorodecanesulfonic acid PFDS C10HF21O3S 335-77-3 PFSA Impurity of production
Perfluorododecanoic acid PFDoA C12HF23O2 307-55-1 PFCA
Perfluorotridecanoic acid PFTrDA C13HF25O2 72629-94-8 PFCA
Perfluorotetradecanoic acid PFTeDA C14HF27O2 376-06-7 PFCA
2,3,3,3-Tetrafluoro-2-(1,1,2,2,3,3,3-
heptafluoropropoxy)propanoic acid HFPO-DA C6HF11O3 13252-13-6 PFEA
Replacement for PFOA. Surfactant and 
polymerization aid used in the producion of 
PTFE. 
Perfluoro-2-ethoxypropanoic acid PEPA C5HF9O3 267239-61-2 PFEA
Perfluoro-2-methoxypropanoic acid PMPA C4HF7O3 13140-29-9 PFEA
Perfluoro-3,5-dioxahexanoic acid PFO2HxA C4HF7O4 39492-88-1 PFEA
Perfluoro(3,5,7-trioxaoctanoic) acid PFO3OA C5HF9O5 39492-89-2 PFEA
Perfluoro-3,5,7,9-tetraoxadecanoic 
acid PFO4DA C6HF11O6 39492-90-5 PFEA
Perfluoro(3,5,7,9,11-











Nafion byproduct 2 
(BP2) C7H2F14O5S 749836-20-2 PFEA
2,2,3,3,4,5,5,5-4-(1,1,2,2-tetrafluoro-
2- sulfoethoxy)pentanoic acid 
Nafion byproduct 4 
(BP4) C7H2F12O6S na PFEA
1,1,2,2-tetrafluoro-2-(1,2,2,2-






PFECHS C8HF15O3S 646-83-3 cyclic PFSA Erosion inhibitor in aircraft hydraulic fluids 
4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
Pentadecafluorodecanoic Acid 7:3 FTCA C10H5F15O2 812-70-4 FTCA
Formed via oxidation of 8:2 FTOH, a 
fluorotelomer alcohol commonly used in textile 
production
Food packaging, coatings
Rarely used in commercial products directly. 
Breakdown or process byproduct of stain and 
grease proof coatings, other PFCA surfactant 
uses
Replacement for PFOA. Nonstick coatings,  
general surfactant and processing aid
Byproduct of the production of the Nafion 
ionomer
